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flux rope. The Closest Approach is indicated by Y0 and R0 and X0 are the flux 
rope radius and the distance from the closest approach to the edge of the flux 
rope, respectively. Xi and Ri increase incrementally as the spacecraft travels 
farther toward the edge of the flux rope. j) Chi-square profile of the second 
Eastwood et al. (2016) event. The estimated FTE radius is comparable to that 
previously reported (~ 550 km). 
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Figure 4-10: The flux rope-like FTEs (Event1-3): a) Magnetic field 
magnitude, b) observed (solid lines) and modeled magnetic field components 
(dashed lines) in LMN coordinates, c) ion density, d) ion parallel and 
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Figure 5-1: Three candidate FTE growth mechanisms: a) Adiabatic 
Expansion, b) Continuous reconnection, and c) coalescence. The concentric 
circles show magnetic islands which are two-dimensional projections of flux 
ropes. The shading of the islands determine the thermal pressure p inside 
them with the darkest shades indicating the region of largest p. The number 
of circles per area indicates magnetic field magnitude and the gradient 
shading inside the islands shows plasma pressure variability across the 
structure. The number of black circles represents the islands’ magnetic flux 
content ψ. The X markers indicate X-points at which magnetic field lines 
reconnect. The subscripts 1 and 2 indicate earlier and later evolution stages, 
respectively. 
 
Figure 5-2: Cross-sectional profiles of a) plasma density, b) ion (left axis; 
red markers) and electron (right axis; black markers) bulk velocity, c) ion 
(left axis; red markers) and electron (right axis; black markers) temperature, 
d) magnetic pitch angle, θB = atan (BL/BM), where BL and BM represent 
tangential and axial magnetic field components, respectively, e) thermal, Pth, 
(left axis; red markers) and magnetic, Pm, pressures (right axis; black 
markers), and f) plasma beta. All data points across the 55 FTEs are grouped 
and averaged inside bins (bin-width; BW=0.1). The error bar denotes the 






























































































parameter inside each individual bin, mean ≡  √n%
 ; where  and n are 
the standard deviation and the number of events in each bin, respectively. 
Note that the primary and secondary y-axes are different in range and, in the 
case of plasma temperature, unit. 
 
Figure 5-3: a) Cross-Comparison of the YGSE components of -vi x B and the 
electric field measurements grouped and counted inside bins (BW=0.5 
[mV/m]). The solid red line represents the orthogonal linear regression fit. 
The cross sectional profile of the b) radial component of the net force, and c) 
axial component of the net force experienced by ions inside the 55 quasi-
force-free FTEs. All data points across the 55 FTEs are grouped and averaged 
inside bins (BW=0.1). The error bar denotes the standard error inside each 
individual bin.  
 
Figure 5-4: The radial components of the magnetic and thermal forces as a 
function of IP. The magnetic forces include the magnetic curvature force 
(shown in red) and the magnetic pressure gradient (shown in blue). The 
thermal forces are the ion (black shade) and electron (green shade) thermal 
pressure gradients forces. All data points across the 55 FTEs are grouped and 
averaged inside bins (BW=0.1). The error bar denotes the standard error, 
mean, and is defined as the normalized variations of a given parameter inside 
each individual bin, mean ≡  √n%
 ; where  and n are the standard 
deviation and the number of events in each bin, respectively. The dotted lines 
further show the boundaries of each of the shaded areas. 
 
Figure 5-5: Cross sectional profiles of the parallel (red) and perpendicular 
(black) components of current density, net force, electron and ion 
temperatures. All data points across the 55 FTEs are grouped and averaged 
inside bins (BW=0.1). The error bar denotes the standard error inside each 
individual bin. The dashed line represents the average value of each 
parameter across all FTEs. 
 
Figure 5-6: The red gradient indicates the magnetic field magnitude inside 
the FTE, while the light blue shade denotes the outer perimeter of the FTE 
with a thickness of 10 ion inertial lengths.  
 
Figure 5-7: The cross-sectional profiles of a) plasma beta, b) current density, 
c) the radial component of the net force, d) the magnitude of the tangential 
component of the net force, and e) the axial component of the net force inside 
and outside (10 local ion inertial lengths from the FTE edge) the 55 FTEs. 
All data points inside (outside) the 55 FTEs are grouped and averaged inside 


































































































Figure 5-8: The November 17, 2015 magnetopause boundary crossing. 
Panels include: a&g) magnetic field magnitude, b) magnetic field 
components in the GSE coordinates, c) ion (red) and electron (black) density, 
d) ion velocity parallel (red) and perpendicular (black) components, e) 
plasma current density parallel and perpendicular components, f) ion 
temperature components,  h) ion thermal and magnetic (black) pressures, i) 
magnetic curvature force parallel and perpendicular components, j) magnetic 
pressure gradient force parallel and perpendicular components, k) ion thermal 
pressure gradient force parallel and perpendicular components, and l) net 
force parallel and perpendicular components. Two quasi-force-free FTEs, 
labeled as ‘FTE 1’ and ‘FTE 2,’ are shown with gradient and solid color 
shadings corresponding to the observations made ‘inside’ and ‘outside’ the 
FTEs, respectively. The width of the blue solid color shading is 10 ion inertial 
lengths, di ~ 1400 km, from an average of Ni = 40 cm-3. 
 
Figure 5-9: Cartoon representation of cross-sectional profiles of a) plasma 
density profile and the radial (solid black arrow) and the axial (into-the plane 
arrow) components of the net force, and b) magnetic pitch angle, 
θB = atan (BL/BM), where BL and BM represent tangential and axial magnetic 
field components, respectively. Plasma density colorbar corresponds to the 
bin-averaged values reported in this study. The grey shaded area around the 
flux rope illustrates the magnetic flux and plasma (grey arrows labelled as 
‘Vout’) continuously added to the FTEs’ outer layers by reconnection (shown 
as ‘X’). 
 
Figure 5-10: a) Histograms of thermal and magnetic pressure data points 
inside the 55 FTEs. b) Average thermal pressure and magnetic pressure 
profiles as a function of FTE diameter across the 55 FTEs. The circles 
indicate the bin-averaged (BW=500 km) values of pressures. 
 
Figure 6-1: Panels include: a) magnetic field magnitude and components in 
the GSE coordinates, b) ion parallel (red) and perpendicular (black) 
temperature components, c) box-car averaged (2-seconds) ion acceleration 
mechanisms, U̇, due to parallel electric fields (Term 1; blue), betatron 
acceleration (Term 2; green), and Fermi acceleration (Term 3; red) as well as 
the scalar sum of the three terms shown in black. Ion energy spectra (bulk ion 
velocity subtracted) for pitch angle distributions: d) 0-20 degrees, e) 40-60 
degrees, f) 80-100 degrees, g) 120-140 degrees, and h) 160-180 degrees. 
Time-averaged ion energy spectra inside (dashed line) and outside (solid line) 
i) FTE 1, and j) FTE 2 at five PADs. The shaded areas represent the shift in 
ion energy inside and outside each FTE. k) Cartoon schematic of the relative 
orientations, spacecraft trajectory, and the observed (see panel c) magnitudes 
and directions of ion acceleration due to betatron and Fermi acceleration 
across FTE 1 and FTE 2. The gradient and solid color shadings corresponding 






























































































Figure 6-2: Cross sectional profiles of plasma acceleration mechanisms, 
including parallel electric field (U̇1; blue), betatron acceleration (U̇2; green), 
and Fermi acceleration (U̇3; red), inside and outside the 55 FTEs for a) ions, 
and b) electrons. All data points inside the 55 FTEs are grouped and averaged 
inside impact parameter bins of bin width (BW: IP=0.1). All data points 
outside the 55 FTEs are grouped and averaged inside bins of BW=1 di. 
Observations are further divided between the leading and trailing halves. The 
error bar denotes the standard error inside each individual bin. The dashed 
line represents the universal average of each parameter across 55 FTEs. c) 
Cartoon illustration of a convecting flux rope interacting with the 
surrounding environment, based on the observations in panels a and b. 
 
Figure 6-3: a) Ion (red) and electron (black) total acceleration magnitudes as 
a function of FTE diameter across the 55 FTEs. The circles indicate the bin-
averaged (BW = 500 km) values of total acceleration. The table represents 
the dependence of bin-averaged acceleration mechanisms as a function of 
FTE diameter for both electrons (grey) and ions (red), and b) Cartoon 
illustrations of two potential scenarios to explain the observed reversal in 
plasma acceleration near the FTE’s central axis. The shading suggests the 
magnitude and the direction of plasma acceleration wherein red and blue 
indicate positive and negative values, respectively. The dashed lines 
represent a reconnection separatrix (and X-line). 
 
Figure 7-1: Two dimensional schematics of ion flows in a typical FTE 
forming due to multiple X-line reconnection. Field-aligned currents (FACs; 
white-red arrows) are generated due to reconnection. Inflowing ions (Vin; 
green arrow) are also accelerated inside the ion diffusion region (IDR) 
perpendicular to the magnetic field (Vout; red arrow) downstream of an X-
line. The reconnecting field lines, i.e., separatrix, are shown as dashed lines. 
 
Figure 7-2: Schematic of magnetic island dynamics driven by magnetic 
reconnection. The enclosed area, A, inside magnetic islands increases due to 
coalescence and continuous reconnection at adjacent X-lines. The island’s 
magnetic flux content, ψ, changes due to magnetic reconnection. The arrows 
indicate island convection flows, wherein the inflow is shown in black solid 
arrows and the outflows are presented as white arrows. Last reconnected field 
lines are indicated as bold solid lines. The dashed lines represent magnetic 
separatrices which embody reconnecting field lines. 
 
Figure 7-3: Vlasiator electric field profile and ion velocity distribution 
functions across a nominal magnetopause X-point. The panels include: a) 
Simulation frame of a magnetic island located in the northern hemisphere. 
The contours represent the XZ-plane magnetic field and the color bar shows 
the magnitude and the direction of electric field along XGSM. The red dashed 
line denotes a virtual spacecraft outbound trajectory through the X-point. b) 






























































































local extrema (except #2 & 5) are selected and labeled as ‘1’-‘5’. c) VDF cuts 
at the five selected Ex values in VB - VB×V	(left column) and VB×V - VB×(B×V) 
(right column) diagrams, where VB represents the velocity along the magnetic 
field orientation. VB×V and VB×(B×V) are along (B × V) and B × (B × V) 
directions, respectively, where V is the ion bulk velocity. A video illustrating 
the temporal evolution of ion VDFs as a function of Ex and position with 
respect to the X-point is included as Video S1. 
 
Figure 7-4: Vlasiator electric field profile and ion velocity distribution 
functions across an X-point located between two magnetic islands. The 
panels include: a) Simulation frame of a magnetic island located in the 
northern hemisphere. The contours represent the XZ-plane magnetic field 
and the color bar shows the magnitude and the direction of electric field along 
XGSM. The red dashed line denotes a virtual spacecraft outbound trajectory 
through the X-point. b) One-dimensional Ex profile along the virtual 
spacecraft’s trajectory. Five extrema are selected and labeled as ‘1’-‘5’. c) 
VDF cuts at the five Ex extrema in VB - VB×V	(left column) and VB×V - 
VB×(B×V) (right column) diagrams, where VB represents the velocity along the 
magnetic field orientation. VB×V and VB×(B×V) are along (B × V) and 
B × (B × V) directions, respectively, where V is the ion bulk velocity. A 
video illustrating the temporal evolution of ion VDFs as a function of Ex and 
position with respect to the X-point is included as Video S2. 
 
Figure 7-5: Temporal profile of the normalized reconnection rate, 	
ℛ = Ey x-point	vAi-1 	B
-1, at the northern (solid black line) and southern (solid 
green line) X-points, in the reference frame of the X-points. The vertical grey 
line indicates the simulation timeframe t = 2119.0 s. 
 
Figure 7-6: a) Example snapshot (simulation timeframe: t = 2119.0 s) of the 
Vlasiator magnetopause. The ‘X’-points and ‘O’-points are automatically 
identified by the algorithm. The color bar indicates the electric field along the 
XGSM axis, Ex [mV/m]. b) Magnetic islands categorized into four quadrants, 
Q1-4, based on their temporal change in enclosed magnetic flux, ∆ψ, and 
cross-sectional area, ∆A. The linear fit from the orthogonal distance 
regression, shown as dashed black line, is y = 2.16 x – 0.03. The color bars 
indicate the count of events per bin. c) The change in the enclosed magnetic 
flux as a function of normalized reconnection rate, 	
ℛ = Ey x-point	vAi-1 	B
-1. The linear fit from the orthogonal distance regression, 
shown as dashed black line, is y = 8.6 x – 0.5. The red circles denote 
coalescing magnetic islands wherein two neighboring magnetic islands 
merge and create one larger island. 
 
Figure 7-7: Magnetic field and plasma moments as observed at the 
barycenter of the four MMS spacecraft for a magnetopause crossing of 






























































































magnetic field, b) magnetic field components in the Geocentric Solar Ecliptic 
(GSE) coordinates, c) ion plasma density, d) ion velocity components, e) 
electron velocity components, f) parallel (red solid line) and perpendicular 
(black solid line) current density components, g) parallel (red solid line) and 
perpendicular (black solid line) ion temperature components, h) plasma beta, 
β, defined as the ratio of plasma thermal pressure to magnetic pressure. The 
frozen-in condition of the ions and electrons at 00:59:13-19 UT are also 
represented as observed by MMS1 in the following panels: i) magnetic field 
total, and the components of the electric field measured directly using the 
EDP instrument (black solid line) and derived from the cross product of the 
bulk FPI electron (blue) and ion (red) velocities and the FGM magnetic field 
vectors (red solid line) along the j) XGSE, k) YGSE , and l) ZGSE. 
 
Figure 7-8: Schematic of the approximate locations and orientations of the 
observed ion-scale FTEs, shown as out-of-plane cylinders wherein the 
magnetic field intensity enhances (darker shade) near the FTE core regions, 
and the adjacent reconnection X-lines, in the FTE’s frame of reference and 
in the LMN coordinates. The X-lines are marked by dashed lines. The 
magnetosheath and magnetospheric magnetic flux are distinguished and 
shown as red and blue-shaded surfaces, respectively. The MMS spacecraft 
trajectory, shown as a black arrow traversing across the structures is 
estimated based on the MMS observations. The green and black 
arrows/panels represent ion velocity distributions in the vicinity of the two 
observed X-lines at 00:58:26 and 00:59:15 UT, respectively. The energy bins 
are divided into four energy bins organized in two rows: top row) the VB - 
VB×V	slice, and bottom row) the VB×V - VB×(B×V) slice, where VB represents 
the velocity along the magnetic field orientation. VB×V and VB×(B×V) are along 
(B × V) and B × (B × V) directions, where V is the ion bulk velocity. The 
energy bins from left to right include: a) 1 eV-30 keV, b) 1 eV – 3 keV, c) 3-
6 keV, and d) 6-30 keV. The bulk velocity is subtracted from the velocity 
distribution function slices. 
 
Figure 7-9: Fields and plasma moments in the vicinity of a candidate IDR 
crossing in LMN coordinates as observed by MMS 1: a) magnetic field 
magnitude, |B|, b) magnetic field components, c) ion velocity components, d) 
electron velocity components, e) electric field components in the spacecraft’s 
frame of reference, f) corrected electric field components in the X-line’s 
frame of reference, and g) Alfvèn velocity. The normalized reconnection rate 
is estimated from the fields and plasma signatures in the purple-shaded 
region. 
 
Figure 8-1: The cartoon schematic of the temporal evolution of the 
coalescence process.  Flux ropes are represented as concentric black 































































































Figure 8-2: MMS observations of a flux rope merger on 2015-11-17 as 
identified by Zhou et al. (2017). (a-f) MMS3 observations. The yellow time 
interval shows the times of panels (g-k). (g-k) Multi-spacecraft observations. 
The gray time interval shows the current sheet. (a) Magnetic field in 
geocentric solar ecliptic (GSE) coordinates. (b) Electric field. (c) Electron 
(black) and ion (red) number density. (d) Ion flow velocity. (e) Current 
measured with the curlometer technique. (f) Electron (black) and ion (red) 
plasma beta. (g) Four-spacecraft magnetic field in the intermediate variance 
direction subtracted with the guide field, BG = 62 nT. The traversal time of 
the electron and ion inertial lengths obtained from the timing analysis are 
indicated. (h) Currents in the maximum variance directions measured by FPI. 
(i) Electric field in the normal direction. (j) Total diamagnetic current in the 
LMN coordinate system. (k) Magnitude of electron (black) and ion (red) 
diamagnetic current and perpendicular current measured with the curlometer 
technique (green). All data have 30 ms cadence and in (g-i) are time-shifted 
to the center of the spacecraft tetrahedron. 
 
Figure 8-3: The temporal evolution of the Vlasiator coalescence process. The 








 × ∇P, between two coalescing magnetic islands 
located in the northern hemisphere. The contours represent the XZ-plane 
magnetic field and the color bar shows the magnitude of JDM. The white line 
denotes a virtual spacecraft inbound trajectory through the coalescence 
region. The spacecraft trajectory is the average magnetopause distance and, 
therefore, used to derive the magnetopause normal boundary coordinates, xi. 
b) magnetic field components, c) plasma density, d) ion velocity components 
in the structures’ frame of reference, e) current density components, 
J ∝ ∇×B, f) diamagnetic current components, JDM, g) electric field 
components, magnetic and thermal pressures, h) plasma beta. 
 
Figure 8-4: The cartoon schematics of the generation of and the role of 
diamagnetic current loops in asymmetric magnetic reconnection: a) the 
generation of diamagnetic current loops from plasma non-uniformity, and b) 
the location and orientation of MMS-observed diamagnetic current loops 
with respect to the reconnection region. The shaded red and blue regions 
indicate the plasma density peak and valley, respectively. The separatrix is 
marked by a red dashed line.  
 
Figure 9-1: a) Two-, and b) three-dimensional schematic views of magnetic 
reconnection for three cases: (i) null-helicity, (ii) co-helicity, and (iii) 
counter-helicity. 
 
Figure C-1: Coordinate transformation between flux rope’s LMN and 
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Magnetic reconnection is the underlying physical process responsible for the release of energy 
stored in magnetic fields that powers plasma heating and acceleration. Flux transfer events (FTEs) 
are transient signatures of magnetic reconnection at the magnetopause. FTEs are twisted open flux 
tubes associated with the transfer of plasma from the magnetosheath into the magnetosphere and 
the ionosphere.  FTEs play an important role in transporting mass, momentum, and magnetic flux 
from the solar wind into and across the magnetospheres. Determining the magnetic field structure, 
electric currents, and plasma distributions within FTE-type flux ropes is critical to the 
understanding of their origin, evolution, and dynamics. In agreement with the multiple X-line 
reconnection model, FTEs at the subsolar magnetopause, as observed by the Magnetospheric 
Multiscale (MMS) spacecraft, are found to have an exponential size distribution with an average 
diameter, λ ~ 35 di, where di = c/ωpi ~ 70 km is the local ion inertial length at the magnetopause. 
The exponential size distribution of FTEs indicates that magnetic reconnection is likely the main 
source of their generation and evolution. The residual net forces inside FTEs are evaluated using 
multi-spacecraft techniques. It is found that the residual net force causes the evacuation of plasmas 
from the stressed region, resulting in the observed reduced plasma density near the central axes of 
FTEs. We further show that the average plasma pressure inside FTEs decreases at a sub-adiabatic 
rate with increasing FTE diameter, suggesting the presence of significant plasma heating inside 
FTEs. To further examine the presence of plasma energization and heating inside FTEs, the relative 
roles of parallel electric fields and the betatron and first-order Fermi processes in accelerating 
plasmas were evaluated. It is found that parallel electric fields are the dominant energization 
mechanism for both ions and electrons in the leading edge of FTEs, indicating that FTEs 
convecting along the magnetopause away from the subsolar reconnection region likely interact 
with the ambient environment via magnetic reconnection. It is also revealed that the observed 
strong net-heatings inside FTEs are proportional to λ-1/2, therefore, concluded that reconnection-
driven heating continues inside FTEs far from the subsolar electron and ion diffusion regions. The 
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hybrid-Vlasov Vlasiator simulations were then employed to study the temporal and spatial 
evolutions of FTEs at the magnetopause in two spatial and three velocity dimensions. Based on 
the simulation results and the MMS measurements, it is estimated that an MMS-observed ion-scale 
FTE may grow Earth-sized within ~10 minutes, which is comparable to the average transport time 
for FTEs formed in the subsolar region to the high-latitude magnetopause, based on previous 
ground-based measurements. The FTE coalescence process is further investigated using MMS 
observations in conjunction with the 2D global Vlasiator simulations. In particular, in an ion-scale 
current sheet between the merging, oppositely-directed field lines, plasmas are found to drift due 
to a pressure difference across the current sheet in the presence of a strong background magnetic 
field, causing the formation of a self-closing diamagnetic current. This diamagnetic current is 
perpendicular to the background magnetic field and generates magnetic field perturbations that are 
comparable with the reconnection Hall signatures. The Vlasiator simulations further reveal that 
the reconnection current sheet between the coalescing islands expands at a rate comparable to the 
local Alfven speed. The analyses and conclusions can further be applied to other collisionless 
plasma regimes, such the planetary magnetotails and the interplanetary medium. 
 1 
Chapter 1: Introduction 
 
Space physics is to a large part plasma physics. This became evident when geomagnetic 
phenomena were discovered to be driven by processes in the swirling ionized gases (plasmas) of 
the upper atmosphere, the ionosphere, and interplanetary magnetic field. These processes were 
later revealed to take place at time scales much shorter than those of the dynamical processes in 
the Earth’s interior. 
High-ionization matter is susceptible to electric and magnetic fields and, thus, behaves 
differently from other states of matter (solids, liquids, and gases). In this introduction, the basics 
of plasmas are introduced. This is followed by geophysical plasma concepts including the physics 
of the interaction between the geomagnetic and interplanetary magnetic fields. The chapter is 
concluded by the three main objectives of this dissertation. 
1.1 Physics of Magnetized Plasmas 
A plasma is a hot and highly-ionized gas. Plasmas are ubiquitous and are the dominant 
building block of our universe. Plasmas consist typically of equal numbers of free positive and 
negative charge carriers. This characteristic is defined as ‘quasi-neutrality.’ For a classical non-
relativistic plasma to behave quasi-neutral, there must be very large numbers of particles whose 
macroscopic parameters such as number density, n, bulk velocity, v, and temperature, T, can be 
defined. 
1.1.1 Single Particle Motion 
The kinetic theory is concerned with defining a distribution function, fs (x, v, t) for each 
species (s; ions and electrons) in the plasma. The distribution function gives the probability of 
finding a certain number of particles in the phase-space interval [x, v; x+dx, v+dv]. Charged 
particles in a dilute collisionless and hot plasma can move independent of the Coulomb fields of 








where 12 is the Boltzmann constant, 3# is the permittivity of free space, and q is the particle 
charge.. Within this distance, the particle orbit in the presence of an external magnetic field, B, 
and electric field, E, is described by Lorentz force, FL: 
FLs=	ms dvsdt 	=	qs (E	+	vs × B), 
where m represents the particle mass. Lorentz force implies that the only parameter impacting the 
parallel motion of a single particle is the parallel component of electric field, 6∥. On the other hand, 
the transverse (perpendicular) particle motion is influenced by both the magnetic field and electric 
field and can be split into a number of independent velocities.  
The particle motion in a uniform magnetostatic field and in the absence of an external 
electric field (E = 0), has a component parallel to the magnetic field that is constant (v∥ = constant). 
The magnitude of the perpendicular component of velocity (speed) is also constant (v⊥2 =	v⊥12 +	v⊥22  
= constant). However, the direction of motion in the plane perpendicular to B is a function of time. 
The particle motion is then a helical orbit and is described in the following form: 
x∥= v∥ t, 
x⊥1=	rg sin (ωg t), 




  defined as the gyro-radius and ωg	=	
q B
m
 is the gyrofrequency, i.e., the cyclotron 
frequency. Here, the particle motion is described along (x9∥) and in a plane perpendicular to B (x9⊥1 
and x9⊥2). 
The motion of a single particle whose gyromotion is sufficiently fast compared to the 





) can be averaged over the circular gyromotion and 
replaced by its guiding center (Northrop, 1963). The velocity of the guiding center can be 
decomposed into a number of particle drifts. The guiding center drift velocity of a charged particle 










The difference between guiding-center drift velocities for ions and electrons results in a 
transverse current, jF: 
jF	= q ne	(vFe- vFi)	. 
Table 1-1 lists a summary of the expressions of the guiding-center drift velocities and associated 
transverse currents. Here, magnetic moment of a species, :, is defined as the ratio of perpendicular 














Table 1-1: Summary of guiding-center drifts.  
Type Drift Velocity Transverse Current 

















Gradient Drift v∇B	= 
mv⊥2
2 q B3




Curvature Drift vR	= 
mv∥2
q Rc2 B
2  (Rc	×	B) JR	= 
2 ne(Wi∥+We∥)
Rc2 B
2  (Rc	×	B) 








1.1.1.1 Adiabatic Invariants 
Here, three characteristic constants of a particle motion are introduced. These quantities 
are called adiabatic invariants and are not absolute constants such as particle charge or mass. In 
fact, adiabatic invariants may slowly change both as a function of time and space. It is the slow 
change compared to typical particle motion characteristics that merits adiabatic invariants to be 
considered as constant quantities. 
The first adiabatic invariant is the magnetic moment, :, and, as discussed above, is 
associated with the particle gyromotion in the presence of an external magnetic field. In other 
words, magnetic moment is conserved as the particle moves into stronger or weaker magnetic 
fields resulting. This prompts a change in the particle’s perpendicular energy, in particular, a 
change in v⊥. 
Conservation of magnetic moment along converging magnetic fields forces a change in the 
particle’s perpendicular velocity. Furthermore, total energy is a constant of motion which prohibits 
a change in the magnitude of particle velocity. Together, these constant quantities require a particle 
moving into regions of stronger fields to change its direction of parallel motion with respect to the 
field. In other words, the particle’s pitch angle, defined as the ratio of between the perpendicular 
and parallel velocity components, 	α	= tan-1(v⊥ v∥⁄ ), will increase. In this case, a particle drifting 
(e.g., E	×	B drift) into a region of increased field strength will gain perpendicular energy. This 
phenomenon is known as adiabatic heating and is associated with the so-called betatron 
acceleration. 
A particle trapped inside a magnetic mirror, which is a magnetic geometry where the field 
lines converge on both sides, can reflect from regions of strong magnetic field intensity due to the 
conservation of magnetic moment. In this system, a second adiabatic invariant is also conserved. 
The longitudinal invariant, J, is defined as: 
	J	= ∮m v∥ ds, 
where ds is an element of the guiding center path and the integral is taken over a full oscillation 
between the mirror points. 
Conservation of longitudinal invariant may lead to a change in the particle’s parallel 
energy. Therefore, in a system where stretched field lines straighten causing the total length of the 
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field line to shrink the parallel velocity and energy of the particle increases. This type of parallel 
energization is also known as Fermi acceleration. 
The third invariant involves the conservation of magnetic flux encircled by an orbiting 
trapped particle inside an axisymmetric mirror magnetic field configuration. This type of invariant 
is also known as the drift invariant and is defined as: 
	Φ	= ∮ vd r dψ	.	
Here, vd denotes the cumulative drift velocity (sum of all perpendicular drift velocities), ? 
is the azimuthal angle, and r indicates the distance between the center of the symmetry. The closed 
integral incorporates the full drift path. 
1.1.1.2 Magnetic Induction 
The transport of magnetic field lines and plasma is described by the magnetic induction 
equation which is, to a first-order, defined as: 
∂B
∂t
	= ∇ × (v × B)+ 1
µ0	σ0
 ∇2B, 
where @# denotes uniform plasma conductivity in free space. Magnetic induction equation 
indicates that the change in magnetic field in a plasma can be describes with two terms: i) the 
motion of the plasma with velocity v, and ii) magnetic diffusion. Other terms such as the Hall and 
pressure gradient term are not included here. 
In a uniformly resistive medium (collisional plasma with finite @), magnetic fields can 
diffuse across the plasma. This condition will allow magnetic flux to transport without moving the 
plasma which can smooth out any local magnetic field inhomogeneities. Therefore, magnetic 





 ∇2	B . 
This equation can also be written more generally as: 
∂B
∂t
 = Dη ∇2 B, 
where Dη 	≡ 	
η
µ0
 denotes magnetic diffusivity and η is the resistivity and is assumed constant. In 
highly-conductive media (collisionless plasma with infinite	@), where magnetic diffusion is 
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negligible (Dη	∇2	B ~ 0), plasmas are bound to a specific field line. This condition is referred to as 
the frozen-in condition and is described as: 
∂B
∂t
	= ∇ ×	(v × B)	. 
1.1.2 Kinetic Equations 
In a plasma, the dynamics can often be described in terms of the collective bulk motion of 
the particles under the forces of the electromagnetic fields. 
1.1.2.1 Maxwell Equations 
In general, plasma dynamics are governed by Maxwell equations: 






∇ × E	= -	 ∂B
∂t
 , 




where :# is the magnetic permeability of free space, Q is the total charge per unit volume, and c 
denotes the speed of light. 
1.1.2.2 Vlasov Equation 
In collisionless plasmas, plasma dynamics are described by the Vlasov equation, taken 
separately for each species: 
df
dt
 ≡ B ∂
∂t
+  v	·	∇+ qs
ms
 (E	+	v × B) · ∂
∂v
 C  fs(x, v, t)=0 , 
where fs represents the particle’s six-dimensional phase-space distribution (PSD) function and 
describes how the particle’s dynamics vary in space, velocity, and time.  
 7 
1.1.2.3 Velocity Moments  
The moments of the distribution function are used to determine plasma density, bulk 
velocity, and temperature, as solution of the Vlasov equation: 










∫(v2- vs2) fs(x, v, t) d
3v	.	
1.1.2.4 Velocity Distributions 
As discussed in the previous section, many characteristic features of a plasma including 
density and temperature can be derived from the function’s velocity dependence. In plasmas where 
the particles are distributed homogenously (isotropic) and that are stationary, the PSD function can 
be simply presented as a function of velocity only. This function is known as the velocity 
distribution function (VDF) and is represented as f (v). One general equilibrium in collisionless 
space plasma is the Maxwellian VDF and is described as: 




 exp /- ε
kBT
0	,	
where ε	= m v22  and represents particle’s energy. A Maxwellian plasma is in thermal equilibrium. 
This indicates that the plasma does not contain any free energy to exchange between particles in 
the plasma. 
Not all velocity distributions are isotropic and stationary. For instance, isotropic plasmas 
streaming at a common non-zero velocity are referred to as the drifting Maxwellian velocity 
distribution. A drifting Maxwellian is asymmetric with respect to v = 0. The asymmetry in velocity 
distribution is called anisotropy. 
Anisotropic velocity distributions are common in the presence of magnetic fields because 
of the different parallel and perpendicular velocities discussed in previous sections. One common 
distribution often observed in space plasmas has the form f (v∥,	v⊥). These distribution functions 
are two-dimensional and gyrotropic velocity distributions. They are also independent of the phase 
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angle of the gyromotion. 
1.1.3 Magnetohydrodynamics 
Detailed description of plasmas requires knowledge of the evolution of particle distribution 
functions in phase space (e.g., Vlasov equation in collisionless plasmas). However, the exact 
evolution of the distribution functions is not always essential in understanding the dynamics of a 
plasma system. In fact, it is often sufficient to determine the spatial and temporal development of 
the macroscopic moments of the distribution such as plasma density, bulk velocity, and pressure 
to describe the state of the plasma. 
Magnetohydrodynamics (MHD) is the theory of electrically conducting fluids (not 
necessarily plasmas) subject to the presence of external and internal magnetic fields. The 
continuity equation for the total fluid is the first MHD equation and is the zeroth moment of the 
collisionless Vlasov equation: 
∂n
∂t
	+ ∇ ·	(n v)	=	0,	
The continuity equation states that the fluid mass is conserved as its center of mass moves with 
velocity v. Similarly, the momentum conservation equation has the following form: 
	∂(nmv)
∂t
+ ∇ · (nm vv) = -	∇ · P+ ρE + j × B	,	
where P represents the pressure tensor and the net charge density is defined as ρ	=	q	(ni	-	ne).  
1.1.4 Force-Free Magnetic Fields 
At equilibrium, the equation of motion for a quasi-neutral fluid becomes: 
∂(nmv)
∂t
+ ∇ · (nm vv)	=	-	∇	·	P	+ j	×	B = 0. 
At this point all forces, the right-hand terms, cancel. In some particular environments, the structure 
may become force-free. In this case both, the first and the second terms on the right-hand side 
become negligible, i.e., ∇	·	P= j	×	B = 0. In the case where j	×	B = 0, current density j is completely 
parallel to the sum of the ambient and induced magnetic fields. In other words, 	j	∝	B, where based 
on the Ampere’s law, j	∝	∇	×	B. Therefore, the magnetic force-free condition requires that 
B	×	(∇	×	B) = 0 or that ∇	×	B	= αL	B, where GH	is a scalar to make sure that the current density 
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remains parallel to B throughout the structure. 
 Figure 1-1 illustrates a schematic view of a magnetically force-free structure. The outer 
field lines become helical due to a poloidal B induced by a sufficiently-strong current density 
flowing parallel to straight field lines at the center of the structure. The helical structure can then 
compensate for the residual net Lorentz force. 
 
 
Figure 1-1: A typical magnetic force-free structure in which current density j is 
parallel to the sum of external and induced magnetic field B. 
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1.2 Geophysical Plasmas 
The terrestrial plasma environment is under a continuous plasma flow from the Su, the 
solar wind. The solar wind interacts with the bodies of the solar system including planets, moons, 
and comets. The properties of the bodies govern the extent to which the interplanetary magnetic 
field (IMF) interacts with the body. In particular, the solar wind interaction with the magnetized 
bodies such as the Earth and Mercury results in the formation of a magnetosphere. A thin outer 
boundary of the magnetosphere is called the magnetopause representing a sudden transition from 
the solar wind plasma to the planetary magnetic field. The shape and extent of magnetosphere is 
controlled by the solar wind conditions. 
1.2.1 Solar Wind 
Originated from the solar corona, the solar wind, which is a stream of high-speed particles, 
blows out into the interplanetary space with speeds ranging between 300 to 1400 km/s. The solar 
wind extends far beyond the orbit of the planets and terminates in the interstellar space where the 
weakly-ionized interstellar gaseous medium dominates.  
The solar wind originates from coronal holes where the field lines are stretched from the 
solar atmosphere out into the interplanetary space. The solar atmosphere is characterized by its 
quiescent low-speed and low temperature (~ 6000 K). Therefore, strong particle acceleration 
mechanisms are required to energize particles to its high interplanetary streaming velocities in the 
hot solar corona (~1.6 MK). The proposed solar wind heating mechanisms include wave heating 
and magnetic reconnection. Upon formation, the solar wind radially propagates into the 
interplanetary space. The solar wind’s magnetic field intensity, plasma density, and temperature 
drop as a function of distance from the origin. 
Solar wind properties control its dynamics and interactions with interplanetary bodies. One 
important plasma parameter is the Alfven velocity which is the fundamental speed at which 





Therefore, Alfvenic Mach number, which is the ratio of plasma velocity to Alfven velocity, can 








Another important plasma property of the solar wind is the state at which it is magnetized. This 








Figure 1-2 shows the radial profiles of solar wind Alfvenic Mach number, plasma beta, and 
dynamic pressure which depends on the plasma density and bulk velocity (Pdyn = ρ	v2).
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Figure 1-2: Radial profiles of solar wind plasma beta, Alfvenic Mach number, and dynamic pressure. 
 






































































Due to its supersonic and super-Alfvenic velocity, the solar wind flow at Earth’s orbit (v ~ 
500 km/s and Te ~ 105 K) is subject to the formation of a shock when interacting with an obstacle 
in its path. Earth’s bow shock is an example of a plasma shock and develops as a result of the 
interaction of Earth’s magnetosphere with the super-magnetosonic solar wind (cms2 =	csound2 +	cA2 ; 
where csound represents sound speed and is a function of plasma temperature). 
Frozen-in, collisionless solar wind plasma is slowed down substantially at the bow shock 
where much of the particles’ kinetic energy is converted into thermal energy. These particles form 
a region known as the magnetosheath, which is the boundary between the bow shock and the 
planetary magnetic field. Magnetosheath is populated with subsonic plasmas at the dayside 
magnetosheath that are hotter and denser than those in the solar wind. 
Due to the frozen-in condition, shocked solar wind plasmas do not penetrate the terrestrial 
magnetic field. Instead, the particles are deflected and move around the terrestrial magnetic field. 
The solar wind plasma pressure compresses the terrestrial dipole field resulting in a distorted 
magnetic field geometry whose frontside is compressed while the backside stretches outward into 
a long magnetotail, as shown schematically in Figure 1-3. The cavity generated by the terrestrial 
magnetic field is known as the magnetosphere. The boundary separating the magnetosphere from 
the magnetosheath is called the magnetopause. 
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Figure 1-3: Topography of the solar-terrestrial environment (from Baumjohann 
and Treumann, 2012). 
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1.2.3 Magnetic Reconnection 
In classical mechanics, a stable condition is referred to the state in which the system is 
stable and can return quickly back to equilibrium in the presence of small external perturbations. 
In Figure 1-4, stable equilibrium is depicted as a heavy ball situated at the bottom of a deep 
potential trough. In this case, external perturbation leads to the heavy ball oscillating alongside the 
potential walls before slowing down by the counteracting resistive force and coming to rest at the 
bottom of the well.  
The remaining three configurations are unstable. In the case where the heavy ball is located 
at the top of a potential hill, the ball will roll down due to slightest displacement. This configuration 
is known as linear unstable and characterizes linear instabilities in plasmas. The ball in the 
metastable configuration, on the other hand, can wander along the plateau before rolling down the 
hill. Finally, in the case of non-linear unstable configuration, the ball experiences local stability. 
For small-amplitude perturbations, the ball will return to rest. However, beyond a threshold, the 
ball will roll down the potential hill. Instabilities of this category are referred to as non-linear 
instabilities. 
MHD instabilities are divided into two major categories: ideal and non-ideal instabilities. 
Ideal instabilities include the bending and deformation of magnetic flux tubes while plasmas 
remain frozen-in. In contrast, non-ideal instabilities are present in plasmas where the frozen-in 
condition breaks down. Magnetic flux in non-ideal (collisional) plasmas can diffuse across the 
plasma and be exchanged between different plasma regimes in mutual contact. 
During diffusion, magnetic flux is often slowly re-arranged. However, the process can 
become comparably faster if the re-ordering of field lines is restricted to a region of small spatial 
extent, as it is the case in magnetic reconnection. Magnetic reconnection (merging) is the process 
through which magnetic field lines marge and are cut and reconnected to other field lines resulting 
in a change in magnetic topology. Magnetic reconnection is a key mechanism in driving local and 
global phenomena at the magnetopause, in the magnetotail, and beyond. 
The oppositely-directed magnetic field lines (± Bz) between two approaching ideal MHD 
flows (± vx) may annihilate one another at the plane of contact. Figure 1-5 depict the processes 
involved in two approaching oppositely-directed magnetic fields annihilating each other and re-
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arranging into a new configuration. Figure 1-5a shows two magnetic field lines moving toward 
each other while pointing in opposite directions. The four colored balls represent particles. The 
bent field lines, shown in Figure 1-5b, will be the initial point of contact between the two bundles. 
The interaction region is localized and has a scale length L.  
According to the Maxwell equations, in particular Ampere’s law, an out-of-plane ( jy ) 
current layer will form between the two magnetized flows. The initial instability between the two 
non-ideal bent field lines is a transverse current instability. The instability leads to diffusion of 
magnetic flux and to increased concentration of current at the neutral point. In three dimensions, 
the neutral point extends out of the page into a neutral line or an X-line, as shown in Figure 1-5c. 
These dynamics are described by the general induction equations and the diffusion time, "#, which 
is the characteristic time of the magnetic field diffusion, can be written in terms of the bent 
magnetic field length, L, and the constant electrical constant, $: 
τd	= µ0 σ L
2,	
and the diffusion velocity is described as: 
vd	=	L	/	τd	=	1	/	µ0 σ L	.	
At the X-line, inside the diffusion region, magnetic field diffuses across the flow and 
annihilate. The annihilation process cuts the anti-parallel field lines in halves. Consequently, the 
field-line halves from one side are reconnected with those from the other side. At this point, the 
merged field lines are expelled from the diffusion region (± vz) by the tension force (Fc	∝	B	·	∇B) 
stored in the highly-bent reconnected field lines. More importantly, the newly-reconnected field 
Figure 1-4: Different non-equilibrium configurations leading to instability. 
 
Stable Linear Unstable Metastable Non-Linear Unstable
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lines will be populated by a mixture of plasmas from both sides of the current sheet (even without 
any necessity of diffusion). The outflowing plasma in the downstream of the X-line is 
perpendicular to the original inflow and is characterized as enhanced plasma flow or reconnection 
jets. 
 
Figure 1-5: Counter-streaming flows leading to the merging of oppositely-directed field 




















1.2.3.1 Reconnection Rate 
In the case of stationary reconnection, shortly after the formation of a current layer at the 
interface of oppositely-directed field lines, diffusion becomes stationary. At this point, the 
inflowing mass and magnetic flux, the magnetic diffusion, and the outflowing mass and magnetic 
flux reach an equilibrium. Reconnection rate is the rate at which the magnetic field can diffuse in 
and through the diffusion region and is a key parameter in determining the efficiency of the 
different models of reconnection. 
The Sweet-Parker reconnection model relies on the conservation of mass, momentum, 
energy, and magnetic flux in the flow upstream, inside, and downstream of the diffusion region. 
The model involves steady flow and diffusion of magnetic field across a long and narrow diffusion 
region of length, 2L, and width, 2d. The conservation requirements suggest that: 
B0z	/	L ≈	Bdx		/	d	,	
where B0z and Bdx represent the strength of the inflowing and outflowing magnetic fields, 
respectively. The outflow (diffusion) velocity is: 
vdz2 	≈	vA02 	.	
where ()* the Alfvén speed in the upstream inflowing plasma. Therefore, the Sweet-Parker model 
reconnection rate (efficiency), which is the defined as the ratio of the plasma (magnetic field) 
outflow and inflow through the diffusion region, is described as: 
R	=	vdz /	v0x =	MA0	,	
where v0x can be described independent of the diffusion region width, d, as: 
v0x2  ≈	 vA02  / µ0 σ L	.	
The Sweet-Parker reconnection rate can be re-written as: 
RSP	= MA0	= Rm0-1/2	,	
where Rm0=	µ0 σ L	vA0 is the magnetic Reynolds number and is the ratio of the convective to the 
diffusive terms of the magnetic induction equation. The reconnection rate is, therefore, inversely 
related to the magnetic Reynolds number indicating that in collisionless plasmas (infinite $), such 
as that at the magnetopause, the reconnection process proceeds very slowly (Rm > 1). 
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The elongated diffusion region yields the slow reconnection process in the Sweet-Parker 
reconnection model. When the finite conductivity is restricted spatially into a localized region, the 
reconnection process becomes much faster. The Petschek reconnection model relies on a short and 
narrow diffusion region, hence, limiting the amount of plasma crossing the diffusion region. The 
model also requires the formation of a shock to mediate the necessary change in plasma flow 
direction, since most of the plasma will have to turn around before reaching the interface between 
the two counter-streaming flows. Table 1-2 summarizes the reconnection rates and the ratio at 
which the inflowing magnetic energy is converted to the outflowing kinetic energy of the plasmas 
for both the Sweet-Parker and Petschek reconnection models. The ratio of magnetic-to-kinetic 
energy conversion is derived from the conservation of magnetic flux through the diffusion region. 
The Petschek model of reconnection is much faster (and violent) than the Sweet-Parker model. 
Also, in the Petschek model, 60% of the inflowing magnetic energy is converted into flow energy 
and thus accelerating plasmas to higher kinetic energies while the remaining 40% of the incoming 
energy is used to heat the plasma. 
At very large Reynolds numbers, Rm >> 1, the resistive term becomes dominant 
(collisional) and cascading islands are formed (e.g., Ji & Daughton, 2011). The Sweet-Parker and 
the Petschek reconnection theories, which rely on constrained diffusion regions, do not apply in 





Table 1-2: Reconnection rates and magnetic-to-kinetic energy conversion ratios for the Sweet-
Parker and Petschek reconnection models.  
Type SP model Petschek model 
Reconnection rate Rm0-1/2 π	(8 ln(Rm0))-1 
Conversion ratio 1/2 3/5 
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1.2.3.2 Steady Collisionless Reconnection 
Reconnection in collisionless space plasmas cannot be explained using resistive MHD. 
Instead, kinetic models which rely on particle dynamics to initiate reconnection can be used. In 
the following sections, the role of tearing mode instability in the onset of reconnection and the 
possibility of reconnection reaching a steady collisionless state are presented. 
1.2.3.2.1 Linear Regime 
In a collisionless system, where the ambient magnetic field, B0 (x, z), is two-dimensional 
(independent of y-component), the initial vector potential, A0, can be simplified as: 
A0  = B0 / [(2L)(x2 – z2)], 
where L is the system size and is represented in Figure 1-6. In this system, E	= Ey e,y, since steady 
reconnection. The system can be categorized into two regions: i) adiabatic, and, ii) non-adiabatic. 
In the adiabatic region, particles drift adiabatically into and out of the system (along the z and x-
axes, respectively). Adiabaticity is violated inside the non-adiabatic region in the vicinity of the 
neutral point, shown as a gray circle in Figure 1-6, where the conversion of magnetic energy into 
flow energy takes place. 
 
Figure 1-6: Collisionless reconnection 
in a two-dimensional magnetic field 
system. 
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A particle entering the X-point is subjected to three force fields: i) the particle is accelerated 
out of the page (in the y-direction) by the electric field, ii) the particle is forced along the x-direction 
by Bz, and iii) Bx leads the particle to oscillate along z: 
vy (t)	=	q Ey t / m, 
tc	=	(m2 L /	q2 B0 Ey)
1/3,	
ωb(t)	=	(q2 B0 Ey t /	m2 L)
1/2,	
where tc and ωb(t) are the critical acceleration time along x and the oscillation frequency in z, 
respectively. These equations suggest that a particle ejected from the X-point reaches the edge of 
the dissipation region, rc (~L	(m	Ey / q B02 L)
1/3
), quickly (at an exponential rate of exp (t / tc)3/2). 
The particle energy gain is proportional to the particle mass, m1/3, and the total magnetic energy 
dissipation is proportional to the third power of the electric field, Ey3. 
The linear approximation breaks down when the induced magnetic field strength created 
due to the dominantly-ion current away from the X-line becomes comparable to the initial ambient 
magnetic field, B0. The linear limit can be expressed as: 
MA0=	R/m0
-1/4,	
where the Reynolds number is approximately defined as the ratio of the total length to the external 
ion inertial length, R/m0	=	(L	ωpi / c)1/2, indicating that the reconnection rate is determined by the 
ion inertia. The linear regime also has a more restrictive limit on Ey (≤ Eyc= mi vA02  c / q L
2 ωpi) 
which can be readily violated resulting in MA0 	= R/m0
-1 . Beyond this limit, the reconnection process 
transforms into the non-linear regime. 
1.2.3.2.2 Non-Linear Regime 
In environments where Ey	>	Eyc, magnetic reconnection enters the non-linear regime 
during which large reconnection rates occur. In this case, the reconnection site for a normalized 
vector potential,  A0 = (x2 – z2) / 2, is elongated with length 2L and width 2d. The geometry is 
shown in Figure 1-7. Under these conditions and constant current density j, the normal component 
of the magnetic field variations along x can be assumed negligible, dBz (x)/dx ∝ d / L ≪ 1. This 
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indicates that the reconnection site is nearly a one-dimensional current sheet and that magnetic 
field spatial variations are only in the x-component Bx (z). Therefore, the critical acceleration time 













where the time scale tc for the non-linear regime is much longer than that of the linear regime. 
Furthermore, the bounced-averaged motion of the ions is decoupled from the oscillation along the 
z-axis. In particular, the ion motion can be expressed in two forms: 1) t < tc wherein ions with a 
zero-average normal velocity component entering the dissipation region will be accelerated out of 
the plane along y. Within this period, these ions also experience an explosive thrust from the 
neutral line. 2) During t > tc, the motion is dominated by the ExB drift which defines the edge of 
the dissipation region along the x axis, xc ~ Ey tc2 ~ L. The determination of the edge of the 
dissipation region along the z-axis is a function of the amplitude of the ion bounce motion at tc and 
is expressed as, d ~ Ey -4/3 ~ n0-1 ~ j -7/4. Interestingly, as the expression suggests, plasma moments 
in the dissipation region are dependent on the out-of-plane electric field Ey, i.e., reconnection rate. 
Finally, the reconnection rate in the non-linear regime is approximately inversely proportional to 
the square root of the ion inertial Reynolds number R/A0: 
RCL ~ R/	A0-1/2, 
noting that, while the scaling here is similar to the Sweet-Parker scaling RSP, the ion inertial 
Reynolds number R/A0 may help to increase the reconnection rate. 
 
Figure 1-7: An elongation 
reconnection site where electric field 
Ey ≫1 is far above the critical field, Eyc. 
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1.2.3.2.3 Tearing Instability 
The reconnection onset has been associated with a plasma instability observed in a plasma 
with inhomogeneous magnetic field and current density, i.e., non-zero normal magnetic field 
component B0z. This plasma instability requires the presence of a dissipative region around the 
magnetic neutral point, where oppositely-directed magnetic fields cancel each other out. Inside the 
dissipative region, plasmas are collisional, i.e., resistive dissipation, or that the magnetic field 
diffusion occurs via a collisionless dissipation mechanism. In a two-dimensional collisional 
dissipative diffusion region, the onset of reconnection is linked to the interaction of a series of 
magnetic islands and neutral points that are formed in a current layer due to resistive tearing 
instability. The resistive tearing mode  is believed to play a decisive role in solar physics. On the 
other hand, when the plasma is collisionless, 2D reconnection can only evolve as a kinetic 
instability. In this case, the ion inertia supports the collisionless tearing instability which causes 
the diffusion of magnetic fields and the generation of a succession of magnetic islands and neutral 
points. In Figure 1-8, a current layer thins and breaks into a chain of magnetic islands, i.e., O-
points, and magnetic neutral points, i.e., X-points. The collisionless tearing mode is believed to 
play a key role in collisionless magnetospheric environments. The electron-scale processes are 
shown particularly important in the magnetosphere. 
 
Figure 1-8: Tearing-mode instability giving rise to the formation of magnetic islands and 
neutral points in a two-dimensional dissipative diffusion region. 
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1.2.4 Magnetic Flux Ropes 
A flux tube is defined as the volume enclosed by a set of field lines that intersect a simple 
closed curve. The frozen-in condition of ideal MHD describes a parcel of plasma threaded by 
magnetic field lines as a conserved entity, whose motion can be followed by accounting for all the 
Newtonian forces acting on the magnetized plasma. Flux tubes are universal objects in the plasma 
universe ranging from laboratory magnetic fusion experiments to astrophysical plasmas. Flux 
tubes can form inside reconnecting current sheets. The flux tubes generated inside current sheets 
wherein a magnetic field component parallel to the current is present are deformed due to an 
induced poloidal magnetic field component. The resulting twisted flux tubes are called flux ropes. 
Flux ropes are observed on the Sun, in the solar wind, and in the magnetospheres of the magnetized 
planets. At the magnetopause, flux ropes penetrating the boundary layer are referred to as flux 
transfer events (FTEs). FTEs have a wide range of scale sizes and play an important role in 
transporting mass, momentum, and magnetic flux from the solar wind into and across the 
magnetospheres. 
Solar observations indicate that solar flux ropes can form due to various processes 
including the emergence of twisted magnetic fields from the convection zone inside the Sun and 
the interaction between neighboring active regions. Magnetic reconnection is also thought to play 
an important role in the formation of new solar flux ropes and the energization of solar plasmas. 
Magnetic reconnection in the solar corona can give rise to the production of and the ejection of 
magnetic flux ropes, also known as magnetic clouds. Coronal mass ejections often show flux rope 
structures. The flux ropes signatures observed in the solar wind with in-situ spacecraft 
measurements are referred to as interplanetary coronal mass ejections (ICMEs). ICMEs are 
identified by their low-variance, enhanced magnetic fields and counter-streaming electron 
signatures, i.e., closed field lines. 
Magnetic flux ropes are also observed in the Earth’s current sheet. Upon formation due to 
magnetic reconnection in the current sheet, magnetic flux ropes convect earthward or tailward. 
Magnetic flux ropes convecting tailward are known as plasmoids and have diameters of many tens 
of Earth radii RE and are strongly correlated with geomagnetic substorms and high-speed tailward 
flows. On the other hand, the earthward-moving flux ropes experience an strengthening ambient 
magnetic field environment near the planet and are often recombined with the geomagnetic field. 
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1.2.4.1 Flux Transfer Events 
At the dayside magnetopause, FTEs are often formed due to magnetic reconnection 
between the southward interplanetary magnetic field (IMF) and the northward geomagnetic field. 
Upon formation, FTEs convect away from the reconnection site along the magnetopause toward 
the high-latitude magnetopause or the flanks, as part of the so-called Dungey cycle. As shown in 
Figure 1-9, Dungey (1961) proposed that proposed that reconnection drove plasma convection via 
the ExB drift in the magnetosphere. The numbered field lines show the succession of 
configurations a geomagnetic field line assumes after reconnection with an IMF field line (1’) at 
the front of the magnetosphere. Field lines 6 and 6’ reconnect at a second X-line in the magnetotail, 
after which the field line returns to the dayside at lower latitudes. The inset shows the positions of 
the feet of the numbered field lines in the northern high-latitude plasma flows, an anti-sunward 
flow in the polar cap, and a return flow at lower latitudes. 
As flux ropes, FTEs are identified with their bipolar signature in the normal component 
(Bn) of magnetic field in the magnetopause boundary normal coordinates (e.g., Russell & Elphic, 
1978). The bipolar signature is coincident with an enhancement in both the axial component and 
the total magnetic field, |B|. FTEs have been observed in various planetary environments, from 
Mercury to Jupiter (Russell & Elphic, 1979; Walker & Russell, 1985; Briggs et al., 2011; Slavin et 
al., 2012; Jasinski et al., 2016). FTEs are believed to contain plasmas from both the magnetosphere 
and the magnetosheath (e.g., Klumpar et al., 1990). 
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Figure 1-9: Illustration of convection of magnetic fields and the frozen-in 
plasma within the magnetosphere driven by magnetic reconnection.  
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Previous observational studies have hypothesized three FTE generations mechanisms: 
1) Transient bursty reconnection (elbow-shaped flux bundle), wherein a transient X-line is 
formed at the dayside magnetopause giving rise to the generation of two bundles of flux tubes 
convecting in opposite directions in the X-line’s frame of reference (Russell & Elphic, 1978; 
Dunlop et al., 2005). The elbow-shaped, spiral magnetic fields, as shown in Figure 1-10, are 
spatially constrained in their azimuthal extent. They are connected to the high-altitude 
ionosphere through the northern and southern cusps. The resulting FTEs are believed to contain 
bidirectional electron population at their outer magnetic layers near the reconnection site. Ions 
at the region of enhanced |B| are found to become dominantly unidirectional (Varsani et al., 
2014). 
2) Continuous reconnection at a single X-line with a modulating reconnection rate (e.g., Scholer, 
1988; Southwood et al., 1988; Phan et al., 2004) can generate FTEs with a wide azimuthal 
extent. The dominantly-field aligned plasmas in the exhaust region of the X-line are 
thermalized farther inside the FTE (Lockwood & Hapgood, 1998). 
3) Multiple X-line reconnection involves the simultaneous (Lee & Fu, 1986) and/or sequential 
(Raeder, 2006) occurrence of a plurality (n) of X-lines giving rise to the generation of multiple 
(n-1) FTEs (e.g., Fuselier et al., 2018; Hwang et al., 2018). In this scenario, the reconnection 
exhausts from the adjacent X-lines converge inside the embedded FTE (e.g., Hasegawa et al., 
2010; Øieroset et al., 2011, 2016). The resulting FTEs may contain magnetic fields and 
plasmas originated in the magnetosheath, magnetopause, or a combination thereof (Lee & Fu, 
1985). 
Earlier observations of FTEs at the Earth’s magnetopause have suggested average diameter 
~1-2 RE (Wang et al., 2005). However, theory and simulations have indicated that FTEs of the 
order of 1 to few ion inertial lengths (di) should also be present (Drake, Swisdak, Schoeffler, et al., 
2006; Fermo et al., 2011). Eastwood et al. (2016) reported the observation of di-scale FTEs at the 
magnetopause, in agreement with theory. The size distribution of FTEs can give us insight into 
their generation mechanism(s) and evolution. Therefore, this dissertation will focus on the size 
distribution, cross-sectional profiles of physical properties, and size dependence of thermal 
pressure and plasma energization mechanisms inside FTEs at the Earth’s subsolar magnetopause. 
The overarching goal of this dissertation is to shed light on the significance and the extent of 
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reconnection-driven plasma heating in the Earth’s dayside magnetosphere. The findings of this 
dissertation are applicable to other comparable plasma environments, such as in the 
magnetospheres of magnetized planets/exoplanets, solar/stellar flux ropes, and laboratory 
magnetic reconnection. 
 
Figure 1-10: Illustration of elbow-shaped FTEs. 
Courtesy of Russell & Elphic (1978).  
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1.3 Science Objectives 
1.3.1 To investigate the size distribution of FTEs at the subsolar magnetopause 
Determining the magnetic field structure, electric currents, and plasma distributions within 
FTE-type flux ropes is critical to the understanding of their origin, evolution, and dynamics. 
Previous theoretical investigations have suggested that FTE-type flux ropes whose cross section 
is smaller than or equal the local ion inertial length (di = c/ωpi ~ 70 km) should be generated inside 
thin magnetopause reconnecting current layers (e.g., Drake, Swisdak, Schoeffler, et al., 2006). 
While capturing some small-scale FTEs with average size <2000 km, Cluster observations at high-
latitude magnetopause and flanks were not able to detect ion-scale FTEs (Fermo et al., 2011). 
Therefore, it is important to investigate the subsolar magnetopause to examine the occurrence (e.g., 
Eastwood et al., 2016) and the size distribution of FTEs (e.g., Wang et al., 2005). Chapter 4 focuses 
on the size distribution of FTEs at the subsolar magnetopause, wherein FTEs are identified using 
reproducible and objective selection criteria (e.g., Slavin et al., 2003). The size distribution of 
FTEs can indicate the processes through which FTEs are generated and evolve. It is also possible 
to study the physical characteristics of subsolar FTEs as a function of diameter. 
1.3.2 To study the radial profiles of physical characteristics inside subsolar FTEs and 
to examine the FTE growth mechanisms 
Previous studies have indicated that FTEs grow as they convect away from the 
reconnection site along the magnetopause. This increase in FTE diameter may occur via adiabatic 
expansion in response to decreasing external pressure away from the subsolar region or due to a 
continuous supply of magnetic flux and plasma to the FTEs’ outer layers by magnetic 
reconnection. The net forces inside and at the outer layers of FTEs can 1) contribute to the 
evolution of FTEs, and 2) energize plasmas. In Chapter 5, the residual net force inside FTEs at the 
subsolar magnetopause are investigated using multi-spacecraft techniques (Harvey, 1998). The 
magnitude and the radial profiles of the components of the net residual force are examined to 
determine the growth of subsolar FTEs as they convect away along the magnetopause. The Chapter 
further explores the thermodynamics of FTE evolution. In particular, average plasma properties 
inside FTEs are investigated as a function of FTE size to determine the likely processes through 
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which FTEs evolve. 
1.3.3 To evaluate plasma energization and heating mechanisms inside FTEs 
Upon formation, flux transfer events (FTEs) in the subsolar magnetosheath are shown in 
Chapter 4 to grow in diameter, 3, while convecting along the magnetopause. In Chapter 5, plasma 
pressure has also been found to decrease sub-adiabatically with increasing 3, indicating the 
presence of internal plasma acceleration and heating processes. Chapter 6 further examines the 
relative roles of parallel electric fields and betatron and first-order Fermi processes in energizing 
plasmas inside and at the outer layers of subsolar FTEs. The relative contributions of different 
plasma energization mechanisms can further enable us to determine how FTEs interact with the 
ambient environment while convecting along the magnetopause. The energization mechanisms are 
further studied as a function of FTE diameter. 
1.3.4 To verify reconnection theory using hybrid-Vlasov simulations and to provide a 
holistic view of reconnection-driven FTE evolution mechanisms 
The Vlasiator hybrid-Vlasov code was developed to investigate global magnetospheric 
dynamics at ion-inertial scales. As discussed in Chapters 4 and 5, FTEs can evolve via magnetic 
reconnection. Spacecraft observations are limited in theory ability to study the temporal and spatial 
evolutions of a magnetic structure. Therefore, global simulations can be used to provide a wholistic 
view of the mechanisms through which FTE-type flux ropes evolve. In Chapter 7, two dimensional 
magnetic islands, which are analogous to flux ropes in three dimensions, are investigated at the 
magnetopause. First, hybrid-Vlasov simulations are examined to insure that the ion kinetics 
associated with magnetic reconnection are well resolved. Next, the simulations are used to classify 
and evaluate the relative contributions of the different reconnection-driven magnetic island 
evolution mechanisms. The simulations results are further used to guide our understanding of the 
FTE growth at the magnetopause and to enrich spacecraft observations by providing a global 
context. 
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1.3.5 To investigate the microphysics of the FTE coalescence using MMS observations 
and to study the temporal and spatial evolutions of coalescing magnetic islands at the 
magnetopause using hybrid-Vlasov simulations 
FTEs at the dayside magnetopause are found to grow via FTE coalescence. During the 
coalescence process, two neighboring FTEs merge and reconnect to create one larger FTE. While 
merging, a current sheet is formed between oppositely-directed field lines. The current sheet soon 
becomes unstable to reconnection. In Chapter 8, we extend the coalescence process, as discussed 
in Chapter 7, to further examine the microphysics of the coalescence process. In particular, the 
electron and ion behaviors inside the thin and reconnecting current sheet are investigated. 
Spacecraft observations of the coalescence process are limited in determining the temporal and 
spatial evolution of the coalescence process, therefore, hybrid-Vlasov simulations are further 
employed to provide a global view of the magnetic island coalescence process. 
 
In summary, this dissertation explores the role of magnetic reconnection in controlling the 
evolution and thermodynamics of magnetic fields and plasmas through the lens of FTE-type flux 
ropes. In-situ observations are used to study the temporal and spatial evolution of FTEs. To achieve 
this, numerous assumptions regarding the growth mechanisms and the general structure of FTEs 
are needed to be made. Therefore, global hybrid-Vlasov Vlasiator simulations are employed to 
examine our assumptions and to further provide a holistic view of the FTE evolution and its global 


















Chapter 2: Measuring Charged Particles and Fields in Space 
 
2.1 Particle Detectors in Space 
The earliest measurement of charged particles was 
reported by the British physicist, William Gilbert (Gilbert, 
1958) in the early 1600s. Gilbert constructed the first 
electroscope comprising a pivoted needle to detect the presence 
of static electric charge. Further improvements of the 
electroscope involved using gold leaves in a vacuum chamber, 
as shown in Figure 2-1, to measure electrostatic charge buildup 
on an object with and without (electrostatic induction) direct 
contact. Charles-Augustin de Coulomb reported in 1785, in his 
famous “Mémoires sur l’électricité et le magnétisme” 
(Coulomb, 1935), the surprising, spontaneous discharge of an 
electroscope by air.  
In 1910, the German scientist and priest, Theodor Wulf designed and constructed a 
transportable electroscope. The new design, as illustrated in Figure 2-2, replaced the gold leaves 
with two metalized glass strips. Wulf climbed the Eiffel tower with his improved electroscope to 
investigate the change in ionization rate as a function of distance from the Earth surface. Wulf’s 
finding that the ionization rate did not change significantly with distance from the possibly-
radioactive Earth surface, gave rise to one of mankind’s revolutionary scientific discoveries, the 
cosmic rays (De Angelis, 2011). The discovery of charged particles with energies higher than can 
be generated at Earth revolutionized our understanding of fundamental physics and quantum 
theory. 




The study of cosmic rays soon started the space science. Though unsuccessful to meet its 
defined main science objective of understating the distribution of low-energy cosmic ray, the 
Geiger counter aboard Explorer I (and Sputnik III, in 1958) discovered the Earth’s radiation belts 
(Allen, 1958). As shown in Figure 2-3, the Geiger counters aboard the satellites 1958 alpha and 
gamma were saturated, marked by flat count rates at ~130 counts/s, by the high-energy radiation, 
hence, termed the ‘radiation belts’. 
The types particles in the solar system encompass electrons, charged atoms and molecules, 
as well as neutral atoms, molecules, and particulate matter (dust). The sources for these particles 
range from extra-galactic and galactic environments to solar corona and flares. Planetary bow 
shocks, dust rings (and cometary tails), surface, and atmospheres can also generate the observed 
particles in the solar system. These particles cover a large (12 orders of magnitude; 100 - 1020 eV) 
energy range and a wide mass range: from electron mass to hundreds of atomic mass units (amu). 
Therefore, particle detectors are designed to cover a wide parameter space. For instance, particle 
detectors at high temporal resolutions are used to study space plasmas and cometary environment 
explorations utilize high mass resolution particle detectors to investigate a comet’s coma.  
 
Figure 2-2: Scheme of the Wulf 
electroscope. On the right, there is a 
microscope that measures small 
displacement of the two silicon glass 
wires. The two glass wires were 
illuminated, for improved visibility, by a 




Figure 2-3: A sample of the results of a tape recorder readout by 
satellites 1958 alpha and gamma, near San Diego on March 28, 1748 
UT. Courtesy of Allen, 1958. 
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2.2 Fields Detectors in Space 
2.2.1 Magnetic Field Measurements 
The outer geomagnetic field has been a subject of scientific interest and inquiry for more 
than 150 years (e.g., Cahill, 1963). The early experimental investigations measured the outer 
geomagnetic field using indirect methods, including the observations of magnetic fluctuations at 
the surface magnetic observatories. From the studies of magnetic storms and auroras, the outer 
geomagnetic field was found related to solar activity. In particular, in early 1930s, Chapman and 
Ferraro had attempted to explain the initial phase of a geomagnetic storm from the surface 
magnetic observations. The observations of magnetic fluctuations at the surface magnetic 
observatories included an enhancement in the horizontal component of the geomagnetic field. 
Chapman and Ferraro attributed the field signature to the interaction of the geomagnetic 
fields with an electrically-conducting flow of neutral, charged gas beam originating from the Sun 
at the time of a solar flare. The argued that the interaction between the two environments 
compressed the geomagnetic field on the sunlit side of the earth  and caused an increases in the 
horizontal component of the field (Chapman & Ferraro, 1931). Later studies, including those by 
James Wynne Dungey and Eugene Newman Parker, discovered that the geomagnetic field 
compression was not limited to the episodes of geomagnetic storm (e.g., Dungey, 1954; Parker, 
1958). Instead, it was suggested that a steady flow of charged particles is continually emanating 
from the sun, streaming through the interplanetary environment, and interacting with the sunlit 
side of the geomagnetic field. The interaction with the geomagnetic field, during ‘quiet’ times, was 
believed to cause the compression of the sunlit side of the geomagnetic field to distances ranging 
from 5 to 10 earth radii. The interaction further caused a cavity in the solar wind that extend to 
considerable distances. The solar wind pressure also forced the dark side geomagnetic fields into 
an elongated tail-like structure. 
Early satellite magnetic experiments were designed and set to study the structure and the 
boundary of the geomagnetic field. The magnetometers aboard the satellites were designed to 
measure within a large range of magnetic field magnitudes spanning 1 to 60, 000 nT to measure 
interplanetary and surface magnetic fields, respectively. The magnetometers were capable of 
recording at rates up to several thousand cycles per second. The instruments were further required 
to be light-weight and immune to environmental and launch noise. Some of the early 
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magnetometers include the search coil, the saturable core (fluxgate), the proton precession, and 
the Rubidium vapor magnetometers. Magnetometers have travelled across and beyond our solar 
system with discoveries, including a subsurface ocean at Europa, Jupiter’s moon, with Galileo 
(Kivelson et al., 2000) and the heliosheath with Voyager 1 (Burlaga et al., 2013). 
2.2.2 Electric Field Measurements 
Direct measurements of electric fields in space involved measuring the potential 
differences between two conductors and dividing by the separation between the two conductors. 
The technique is termed the ‘double probe.’ Indirect methods measure the change in signal in 
potential analyzers or ion drift meters from controlled plasma releases (Haerendel et al., 1967) or 
by tracing electron drift trajectories via the ‘electron-drift technique’ (Paschmann et al., 1998).  
Different measurement techniques provide advantages and disadvantages. Direct 
measurements of electric fields are made in environments, such as thin and hot plasmas,  that can 
be easily disturbed by the measuring device. On the other hand, indirect measurements are 
selective in that they only measure a certain component of electric field and can only be utilized 
in particular environments where certain conditions are met (Mozer, 2016).  
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2.3 Magnetospheric Multiscale Mission 
Magnetospheric Multiscale (MMS), a flagship NASA mission was launched on March 12, 
2015. MMS is a solar-terrestrial probe constellation comprising four identically instrumented 
spacecraft designed to use Earth's magnetosphere as a laboratory to study the microphysics of three 
fundamental plasma processes: magnetic reconnection, energetic particle acceleration, and 
turbulence (Burch, Moore, et al., 2016). These processes occur in all astrophysical plasma systems 
but can be studied in situ only in our solar system and most efficiently only in Earth's 
magnetosphere, where they control the dynamics of the geospace environment and play an 
important role in the processes known as “space weather.” 
2.3.1 Mission Objectives 
MMS strives to determine the processes that cause magnetic field lines to reconnect in a 
collisionless plasma. The MMS results will reveal the mechanisms at play far beyond the Earth’s 
magnetosphere from astrophysical environments such as comet-tail disconnection events, 
magnetar flares, supernova ejections, and dynamics of neutron-star accretion disks  to magnetic-
confinement fusion devices in which magnetic reconnection is a limiting factor in achieving and 
maintaining electron temperatures high enough to initiate fusion. 
The MMS mission will focus on questions about reconnection at the Earth’s 
magnetosphere. In particular, MMS will investigate the kinetic processes occurring in the electron 
diffusion region that are responsible for reconnection and that determine how it is initiated. MMS 
will further our understanding of the larger impacts of magnetic reconnection by placing the 
microphysics into the context of the broad spectrum of physical processes associated with 
reconnection. The MMS results will also help to inform reconnection theories and models. 
2.3.2 Spacecraft Specifications 
Each of the four MMS satellites has an octagonal form factor with approximately 3.5 
meters in width and 1.2 meters in height. During science operations, the satellites will maintain a 
rotational spin of 3 rotations per minute. Each satellite contains 8 deployable booms. Four booms 
are 60 meter long wires extended in the spin plane to help hold in place the electric field sensors. 
Additional electric field sensors are mounted on two 12.5 meter booms along the axial plane. The 
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magnetometers are also separated from the spacecraft bus by two 5 meter booms that are extended 
in the spin plane. 
The attitude control system insures accurate positioning of the satellites to within ± 0.5 
degree error during science operations. This is achieved via the use of star sensors and sun sensors, 
and accelerometers which provide attitude and acceleration measurements, respectively. The 
actuation for both small formation maintenance maneuvers and large apogee raise maneuvers is 
performed by the thrusters which include a mono-propellant blowdown system with 12 thrusters. 
Each satellites stores up to 360 kg of propellant in four titanium tanks per spacecraft.  
The spacecraft electrical operations are powered by batteries. The batteries are re-charged 
by 8 identical body-mounted solar array panels that are electrostatically and magnetically clean. 
The battery specifications are particularly selected to carry out the mission operations during the 
4 hour eclipses. The thermostatically controlled heaters keep the bus and the on-board instruments 
at a thermally-stable status. The MMS spacecraft communicated with the ground-based data 
stations over a single S-Band frequency for uplink and a single S-Band frequency for downlink. 
Orbit determination is performed using on-board signal global positioning system (GPS) 
processing. Each satellite including instruments, fuel, and margin has a mass of approximately 
1,250 kg and a power budget of approximately 318 watts. 
2.3.3 Scientific Instrumentation 
The four MMS spacecraft carry identical instrument suites of plasma analyzers, energetic 
particle detectors, magnetometers, and electric field instruments. The four spacecraft are also 
equipped with a spacecraft charging system, called the active spacecraft potential control (ASPOC) 
to quantify and avoid any interference with the highly sensitive measurements required in and 
around the diffusion regions. 
Each MMS observatory carries 11 scientific experiments developed at multiple institutions 
around the world. The majority of the scientific instruments are installed inside the observatory. 
The instruments include 25 separate sensors. The scientific instruments are divided into three 
suites: a) Hot plasma Suite, b) Energetic Particles Detector Suite, and c) Fields Suite. 
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Figure 2-4: The MMS spacecraft 
instrument suites. The image is 
borrowed from the official NASA 
MMS website.  
 40 
2.3.3.1 Hot plasma Suite 
The main objective of the Suite is to observe the nature of the plasma during magnetic 
reconnection. The hot plasma suites includes the fast plasma investigation (FPI) and hot plasma 
composition analyzer (HPCA) instruments. The FPI instrument was developed to measure the 
differential directional flux of magnetospheric electrons and ions. The high temporal resolution 
electron and ion measurements are designed to resolve kinetic-scale plasma dynamics. To achieve 
this, four dual 180-degree top hat spectrometers for electrons (dual electron spectrometers; DES) 
and four dual 180-degree top hat spectrometers for ions (dual ion spectrometers; DIS) are 
distributed around the four MMS spacecraft. The eight spectrometers for each species provide 4pi 
steradians field-of-view. The energy per charge sampling provides a broad range from 10 eV/q to 
30 keV/q (Pollock et al., 2016). FPI is able to provide the velocity-space distribution of electrons 
and ions with a time resolution of 30 ms and 150 ms, respectively. As shown in Figure 2-4, each 
satellite also contains one HPCA instrument which measures the composition-resolved velocity-
space distribution of ions from 1 eV to 40 keV with time resolution of 10 – 15 seconds (Young et 
al., 2016). 
2.3.3.2 Energetic Particles Detector Suite 
Each MMS satellite is also equipped with the energetic particle detector (EPD) including 
one energetic ion spectrometer (EIS) and two all-sky particle samplers called the fly's eye energetic 
particle sensor (FEEPS). The EDP instruments will sense remotely the regions where reconnection 
occurs and determine how reconnection processes produce such large numbers of energetic 
particles. These instruments measure the energy-angle distribution and composition of ions (20 to 
500 keV) at a time resolution of < 30 seconds, the energy-angle distribution of total ions (45 – 500 
keV) at a time resolution of < 10 seconds, and the coarse and fine energy-angle distribution of 
energetic electrons (25 – 500 keV) at time resolutions of < 0.5 and < 10 seconds, respectively 
(Mauk et al., 2016).  
2.3.3.3 Fields Suite 
The fields investigation is crucial for the study of the change in magnetic field 
configuration during magnetic reconnection. The fields suite includes a sensor suite consisting of 
two axial and four spin-plane double-probe electric-field sensors (ADP and SDP), two flux-gate 
magnetometers (AFG and DFG), a search-coil magnetometer (SCM), and two electron drift 
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instrument (EDI) per MMS spacecraft. The sensors are mounted on extended booms to avoid 
potential measurement aliasing. The DC magnetic field measurements have a resolution of 10 ms, 
and the DC electric field is measured at 1 ms. The magnetic and electric plasma waves are 


























Chapter 3: Global Magnetospheric Simulations 
 
 
The interaction of the sun with the planetary bodies is a complex natural system consisting 
of numerous interconnecting components. The transfer of solar wind’s mass, momentum, and 
energy to the planetary magnetosphere, ionosphere, and upper atmosphere can impact the systems 
in non-trivial ways. The capability to model and simulate the planetary interactions with the solar 
wind will improve our understanding of how different components of the system response to the 
solar wind and will further empower us to predict space weather phenomena. The space weather 
phenomena can impact many aspects of our technological civilization, including determining the 
success, reliability, and health of manned and unmanned air and space missions. 
 
3.1 Magnetohydrodynamic (MHD) simulations 
The early multiscale magnetospheric models involved two and three-dimensional 
generalized magnetohydrodynamic (MHD) simulations of cometary environments and their 
interactions with the solar wind (Schmidt & Wegmann, 1981; Gombosi et al., 1996). With 
advancements in computational capabilities and techniques, including the use of adaptive grids to 
improve spatial resolution in high gradient regions (Gombosi et al., 1994), the global 
magnetospheric models became more affordable and reliable. By 2006, the MHD simulations of 
the cometary and terrestrial magnetospheres were expanded to encompass the sun-Earth 
environment with the main objective ‘to develop predictive models of explosive solar activity and 
its effect on the near-Earth space environment.’  
The Space Weather Modeling Framework (SWMF) was developed at the University of 
Michigan including the MHD code Block-Adaptive Tree Solar-wind Roe-type Upwind Scheme 
(BATS-R-US) (Powell et al., 1999). The framework provides a high-performance flexible 
framework for physics-based space weather simulations, as well as for various space physics 
applications. The SWMF integrates numerical models of the Solar Corona, Eruptive Event 
Generator, Inner Heliosphere, Solar Energetic Particles, Global Magnetosphere, Inner 
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Magnetosphere, Radiation Belt, Ionosphere Electrodynamics, and Upper Atmosphere into a high-
performance coupled model (Tóth et al., 2005). 
3.1.1 MHD with Embedded Particle-in-Cell Model 
While highly efficient, computational models based on a fluid description, such as MHD 
neglect the kinetic effects which are important for accurately reproducing important phenomena 
such as magnetic reconnection at the magnetopause and in the magnetotail. To address this, BATS-
R-US was coupled with an implicit Particle-in-Cell (PIC) model (iPIC3D), to create an MHD 
model with embedded PIC regions (MHD-EPIC; Daldorff et al., 2014). The semi-implicit PIC 
scheme removes the numerical stability constraints of explicit PIC algorithms and, therefore, 
enables kinetic plasma simulations at MHD time scales (Markidis et al., 2010). The early 
investigations of the code have been compared with the Galileo’s observations of Ganymede (Tóth 
et al., 2016).  
The MHD-EPIC code has also been applied to Earth’s magnetosphere, in order to 
reproduce some of reconnection’s characteristic features, including plasma jets and crescent-
shaped ions and electron distributions (Chen et al., 2017). As shown in Figure 3-1, Chen, et al. 
(2017) the electric field along XGSM reaches nearly 15mV/m at the magnetopause side of the X-
line formed near the subsolar region. The Ex along a virtual spacecraft trajectory is presented in 
panel d wherein the electric field is shown to reach a minimum on the magnetospheric side of the 
X-line. This negative Ex is comparable to the PIC simulations of kinetic Larmor electric field. In 
addition, in panels b and c, the ion and electron phase space distributions are collected in the 
vicinity of the X-line and in association with the Larmor electric field to further support the 
hypothesis that the MHD-EPIC global simulations can resolve magnetopause reconnection at the 










Figure 3-1: The Larmor electric field and crescent electron and ion phase space distributions 
(Courtesy of Chen et al., 2017). (a) electric field along XGSM, Ex (mV/m), in the meridional 
plane at simulation time, t = 3,600s. (b) The normalized electron distribution in Vy−Vx phase 
space. The electrons are inside the black box shown in panel a: 10.27 RE < X < 10.33 RE and 
−0.3 RE < Y < 0.3 RE, and −2.1 RE < Z < −1.9 RE. (c) Ion phase space distribution for particles 
inside the red box in panel a: 10.08 RE < X < 10.14 RE and −0.3 RE < Y < 0.3 RE and −2.1 RE 
< Z < −1.9 RE. The phase density is normalized. (d) Ex along the red dashed line in panel a. 
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3.1.2 10-Moment Simulations to resolve electron and ion kinetics globally 
Another notable attempt to resolve plasma kinetics in collisionless reconnection is the three 
dimensional two-fluid 10-moment simulation, which is constructed by taking velocity moments of 
Vlasov equations of each species, including electrons, to obtain a hierarchical set of moment 
equations. Conceptually, the 10-moment model is akin to a fluid version of PIC code, truncated at 
the second-order moment, the pressure tensor. Unlike traditional MHD simulations, the 10-
moment simulations treat ions and electrons independently, and no net charge neutrality is 
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where subscripts s = e, i represent the electron and ion species, respectively. The square brackets 
in equation the bottom equation around indices i, j, m represent the minimal sum over permutations 
of these indices that give completely symmetric tensors. The first-, second-, and third-order 
moments are defined as: 
 
	m	uij	≡ m4 vi  f dv	,	 
Pi j≡ m4 vi vj f dv		,	and	 




with  f  being the phase space distribution function. The code has further been used for many 
laboratory and space plasma physics contexts (Wang et al., 2000; Hakim, 2008; Dong et al., 2019). 
 Dong et al. (2019) applied the 10-moment multi-fluid model to Mercury in three-
dimensional space. The non-ideal effects, important for kinetic processes controlling the magnetic 
reconnection process, were resolved by including Hall effect, inertia, and tensor pressure terms in 
the generalized Ohm’s law. A reduced ion-electron mass ratio mi/me = 25 and a reduced speed of 
light c = 3000 km/s were further applied. The top panel in Figure 3-2 illustrates the simulated bow 
shock, magnetosheath, magnetosphere, and magnetotail under typical upstream solar wind 
conditions. In particular, the upstream conditions were tuned to match that of MESSENGER’s 
second flyby on October 6, 2018 (referred to as M2). During the M2 flyby, the interplanetary 
magnetic field (IMF) remained steadily southward, (−15.2,8.4,−8.5) nT in Mercury-Solar-Orbital 
(MSO) coordinates. Other solar wind parameters include: n = 40 cm−3, v = (−400, 50, 0) km/s, and 
T = 18 eV. In the bottom four panels (panels a-d), the simulation results (red) are compared with 
in-situ MESSENGER magnetic field observations (black). As shown, the model is able to 














Figure 3-2: Top: Mercury’s three-dimensional magnetosphere from the ten-moment multifluid 
calculation (Courtesy of C. Dong et al., 2019). The color contours depict the ion density in 
cm−3. The “hot” sphere inside Mercury represents its conducting core with a size Rcore = 0.8 
RM. The magnetic field lines are presented in blue. The red curve together with a cyan arrow 
represents MESSENGER’s M2 trajectory. Bottom: Data-model comparison of magnetic fields 
along MESSENGER’s M2 trajectory. 
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3.2 Vlasov Simulations 
3.2.1 Hybrid-Vlasov Simulations to resolve ion kinetics globally 
Global MHD simulations have been found to provide reliable description of large scale 
phenomena. However, where ion kinetics become of significance, MHD simulations become 
poorly-equipped to provide reliable description of the system behavior. These systems include the 
foreshock regions and the inner magnetosphere.  
Hybrid simulations, wherein electrons are modeled as a charge-neutralizing fluid. On the 
other hand, ions are described by a kinetic model. Hybrid PIC simulations typically treat ions 
kinetically as macroparticles, while electrons are assumed to be a massless fluid (Winske et al., 
2003). Global scale hybrid-PIC simulations of the Earth’s magnetosphere have been performed in 
two and three spatial dimensions (e.g., Lin, 2003; Lin & Wang, 2005). The challenge with hybrid-
PIC simulations is numerical noise, particularly for deriving ion velocity distribution functions. 
To address the noise the number of ions introduced in the simulation frame can be increased; 
however, this will further drive up the computational cost of global simulations. 
Instead of treating ions as particles, hybrid-Vlasov simulations use the Vlasov equation to 
directly model the evolution of an initial six-dimensional ion distribution function, comprising 
three ordinary space and three velocity space dimensions: 
∂
∂t   f	(r, v, t)	+	v . ∇r	 f	(r, v, t)	+	a ∙ ∇v 	f	(r, v, t)	=	0	, 
where r and v are the three ordinary space and velocity space coordinates, acceleration a is given 
by the Lorentz force, and f (r, v, t) is the six-dimensional phase space density of protons with mass 
m and charge q. The advantage of the hybrid-Vlasov method compared to hybrid-PIC simulations 
is the noise-free ion distribution functions. However, until recently, the cost of propagating ion 
distribution functions in space and time has been prohibitive. 
 The simulation frame consists of a three-dimensional Cartesian mesh in the ordinary space. 
Each ordinary-space cell contains variables describing the electromagnetic fields, as well as a 
three-dimensional velocity mesh describing the full six-dimensional phase-space (Palmroth et al., 
2013).  The ion distribution function is propagated forward in time using the finite volume method 
 49 
(FVM), where the volume average f  is propagated forward in time by computing the fluxes at 




 8Fr, i (ri + ∆ri)	- Fr, i (ri)9	- 
Δt
Δvi
 8Fv, i (vi + ∆vi)- Fv, i (vi)9	, 
where Fr = (Fx, Fy, Fz) = v f7	 and Fv = (Fvx, Fvy, Fvz) = q m:  (E + v × B) f7  are the fluxes at cell 
faces in ordinary and velocity spaces, respectively.  
Figure 3-3 illustrates the near-Earth space in the meridional plane (XZGSE; Palmroth et al., 
2018). The upstream interplanetary magnetic field (IMF) is initialized at a 45 degree cone angle 
relative to the ambient plasma flow. The shocked IMF experiences a jump condition across the 
bow shock region, resulting in an increase in the magnetic field magnitude. The shocked plasma 
further generates the hot plasma population downstream of the bow shock, known as the 
magnetosheath. In Figure 3-4, an example non-Maxwellian ion distribution function is provided. 
The hybrid-Vlasov Vlasiator model can generate noise-free, non-Maxwellian ion distribution 
functions, unlike MHD systems wherein plasma distributions are approximated as a Maxwellian 
distribution. 
 
Figure 3-3: Vlasiator 
modelling of the 
magnetosphere in the 
noon–midnight meridian 
plane viewed from the 
morning sector (Courtesy 




To summarize, the difference between hybrid-PIC and Vlasiator simulations is that in 
hybrid-Vlasov the distribution functions are evolved in time as an entity, and not constructed from 
particle statistics, as in hybrid-PIC simulations. This, though computationally expensive, results in 

















Figure 3-4: An example three-
dimensional, normalized ion 
velocity distribution function in a 
transient foreshock in the 
magnetosheath (Courtesy of Pfau-
Kempf, 2016). The axes indicate the 
velocity distribution in the 








Chapter 4: MMS Examination of FTEs at the Earth’s Subsolar Magnetopause 
 
This Chapter is adopted from Akhavan-Tafti, M., Slavin, J. A., Le, G., Eastwood, J. P., 
Strangeway, R. J., Russell, C. T., et al. (2018). MMS examination of FTEs at the Earth's subsolar 
magnetopause. Journal of Geophysical Research: Space Physics, 123, 1224– 1241. 
https://doi.org/10.1002/2017JA024681. 
 
4.1.  Introduction 
Magnetic reconnection is the underlying physical process responsible for the release of energy 
stored in magnetospheric magnetic fields that powers plasma heating and acceleration (e.g., 
Masaaki Yamada et al., 2010; Gonzalez & Parker, 2016b). Flux Transfer Events (FTEs) are 
transient signatures of magnetic reconnection. FTEs are twisted open flux tubes associated with 
the transfer of plasma from the magnetosheath into the magnetosphere. FTEs are identified by a 
bipolar signature in the component of magnetic field normal to the magnetopause together with a 
maximum in the axial component of magnetic field (Russell & Elphic, 1979; Rijnbeek et al., 1984). 
The Berchem & Russell (1984) statistical study of ISEE observations concluded that FTEs are 
formed at low latitudes and move to the flanks and to high latitudes and toward the flanks due to 
the anti-sunward magnetosheath flow and J×B magnetic tension forces (e.g., Kawano & Russell, 
1997; Omidi & Sibeck, 2007). 
According to the magnetohydrodynamic (MHD) model of magnetic reconnection, low 
reconnection rates are expected in highly elongated current sheets (Eugene N Parker, 1957). 
However, 2D kinetic simulations have argued that laminar Sweet-Parker layers such as the 
magnetopause become unstable to the formation of plasmoids with increasing Lundquist number, 
S  VA LSP η-1, where VA  B ρ-1/2	is the Alfven speed, Lsp is the Sweet-Parker current sheet 
thickness, and η is the resistivity (Daughton et al., 2009; Huang & Bhattacharjee, 2010, 2013). 
Plasmoids or magnetic islands are two-dimensional realizations of three-dimensional flux ropes. 
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Plasmoid instability leads to the formation of secondary plasmoids which serve to enhance the 
reconnection rate (Manheimer & Lashmore-Davies, 1984; Dieter Biskamp, 2000). Various studies 
have assessed the characteristics and the factors on which plasmoid instability, secondary island 
formation, and ‘fast’ reconnection depend (e.g., Vishniac, 1995; Eastwood et al., 2007; 
Bhattacharjee et al., 2009; Cassak et al., 2009; Cassak & Drake, 2009; Moser & Bellan, 2012; Su 
et al., 2013; Luca Comisso & Grasso, 2016). 
The transition between the slow and fast reconnection regimes is predicted to take place at the 
ion inertial length, di, (Simakov & Chacón, 2008) where the thinning of the Sweet-Parker current 
layer (electron diffusion region (EDR) in the context of kinetic simulations) becomes quickly 
unstable to plasmoid formation leading to larger variations in the reconnection rate (Fujimoto, 
2006; Daughton et al., 2006; Karimabadi et al., 2007; Phan et al., 2007; Daughton et al., 2009; 
Wang et al., 2016). Theoretical kinetic models and resistive MHD simulations have been employed 
to investigate the dynamics and distribution of plasmoids (e.g., Richard et al., 1989; Y.-M. Huang 
& Bhattacharjee, 2010, 2013).  
Due to the development of tearing mode instability, multiple X-line reconnection, a series of 
current filaments, can occur. Tearing mode instability is a particular type of resistive instability 
arising from the decoupling of magnetic field lines from the fluid (Furth et al., 1963). Multiple X-
line reconnection gives rise to the generation of multiple flux ropes which are termed flux transfer 
events at the magnetopause (Lee & Fu, 1985). Finn & Kaw (1977) and Pritchett & Wu (1979) 
envisioned a configuration in which, due to finite resistivity, coalescence instability leads to a 
merging of multiple plasmoids into a single plasmoid via secondary reconnection (Wang et al., 
2016). For the purposes of this study, the magnetic reconnection occurring between two merging 
flux ropes is called ‘secondary reconnection’ (Wang et al., 2016). Fermo et al. (2010) studied in 
2D the role of coalescence in the growth of magnetic islands. Here, coalescence is the merger of 
two smaller magnetic islands through reconnection into a single larger island. Fermo et al. (2011) 
provided observational evidence, based on Cluster FTE observations, to support this model of 
magnetic island, or in 3D, flux rope growth. 
Simulations and observations have indicated the existence of a more developed reconnection 
event in the outflow region of the primary X line (Divin et al., 2007; Sitnov et al., 2009). Kinetic 
2D simulations of coalescence show that after the collapse of an intermediate X-line, neighboring 
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magnetic islands are pushed together and merge via reconnection to form larger ones (Daughton 
et al., 2011). This resulting magnetic island in turn expands by progressively cooling down from 
the outer layer inwards, until pressure gradient between the internal and external plasmas is 
stabilized resulting in a temporarily stable condition (Cazzola et al., 2015). This process is repeated 
and larger scale islands are formed. Similarly, at the dayside magnetopause, multiple FTEs are 
believed to form due to the reconnection process and evolve into larger structure over time (Lee & 
Fu, 1985). Previous studies have determined the size distribution and flux content of FTEs (e.g., 
Wang et al., 2005; Hasegawa et al., 2006, 2010; Fermo et al., 2011; Eastwood et al., 2012, 2016; 
Pu et al., 2013; Wang et al., 2016). These results indicate that FTEs are one to few Earth radii in 
size and contain 1-10 MWb in magnetic flux. However, these measurements are mostly gathered 
at higher altitudes and away from the subsolar region. 
This study employs the Lepping-Burlaga constant-α flux rope model to determine the radius 
of FTEs and the impact parameter (IP) of the individual MMS trajectories through the flux ropes 
observed at the Earth’s subsolar region and evaluates the cogency of this model using the 
Magnetospheric Multiscale (MMS) mission’s high spatial and temporal resolution plasma and 
fields measurements. Physical properties of FTEs are investigated and the role of coalescence in 
FTE growth is emphasized. Our results indicate that 1) small-scale FTEs are observed at the 
magnetopause more frequently than previously reported, 2) electric currents inside growing FTEs 
help reduce magnetic forces over time, and 3) plasma density and core magnetic field are inversely 
related inside evolving FTEs. 
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4.2.  Experimental Approach 
4.2.1. Instrumentation and Data 
MMS was launched in 2015, and it consists of four identical satellites with unprecedented 
temporal and spatial resolutions (Burch et al., 2016). MMS orbits at an inclination angle of 28˚ 
with geocentric apogee and perigee of 12 and 1.2 RE, respectively. The first phase of the mission 
targeted the Earth’s dayside magnetopause at low latitudes. For this phase, regions of interest with 
radial distances greater than 9 RE were identified during which all instruments are operated at their 
fastest cadence, producing burst-mode data. 
The four spacecraft were maintained at an average tetrahedron size of ~10 km (~ 6 electron 
inertial lengths based on a plasma density of 12 cm−3). The fast plasma experiment (FPI) data were 
captured at 30 ms cadence for electrons and 150ms for ions (Pollock et al., 2016). FPI moments 
are constructed from all-sky electron and ion distributions. The fluxgate magnetometer (FGM) 
operates at 128 vectors per second (Russell et al., 2016). 
The subsolar region was targeted to investigate FTEs shortly after they are generated by 
reconnection (Fuselier et al., 2016). In this study, the subsolar region is defined as 12 ± 22.5’ Local 
Time and XGSM > 8 RE. Figure 4-1 illustrates the spacecraft trajectories (grey lines) as well as burst-
mode intervals (red lines) in the Geocentric Solar Magnetospheric (GSM) equatorial plane for this 
region. Model magnetopause minimum and maximum boundaries are also plotted for reference 
(Shue et al., 1998). Our study uses the measurements taken during 55 orbital passes (11/03/2015 
— 12/28/2015) and a total of 279 burst-mode intervals. The average burst-mode interval was 2.25 










Figure 4-1: MMS Regions of interest (12 ± 22.5’ MLT and X>7 RE) in GSM 
coordinates (equatorial plane); shown in red are the Burst-mode intervals where 
the FPI time resolution is 30 ms for electrons and 150 ms for ions and FGM sample 
rate is 128 vectors/s. The grey lines are the spacecraft trajectories during 




Flux ropes are identified with their bipolar signature in the normal component of the magnetic 
field, corresponding to a peak in the axial component of the magnetic field. In LMN coordinates, 
these components translate into BL and BM, respectively ( Russell & Elphic, 1978). The peak in 
BM insures the presence of a strong axial magnetic field component which is the distinctive 
characteristic distinguishing helical flux ropes from other similar magnetic structures. 
The transformation from the GSM coordinate system into the LMN coordinate system was 
achieved via applying minimum variance analysis (MVA) of the magnetic field (Sonnerup & 
Cahill Jr, 1967; Sonnerup & Scheible, 1998; Xiao et al., 2004; Teh et al., 2017). MVA was 
performed on 30s, 60s, 120s, and full intervals of burst-mode magnetic field time series data to 
identify FTEs. Figure 4-2 provides a sample MMS FTE observed by the four probes at 13:04:34 
UTC on 16 October 2015 at (8.3, 7.1, -4.8) RE in GSM. During this encounter, the enhancement 
in |B| correlated with bipolar perturbation of BL (positive-then-negative). Eastwood et al. (2016) 
originally reported the observation of this ion-scale FTE several minutes before encountering an 
electron dissipation region (Burch et al., 2016). 
The high time cadence of FGM together with small-scale tetrahedron and the very accurate 
and precise positioning knowledge of the MMS spacecraft enable multi-dimensional spatial 
gradient methods (Harvey, 1998). Here, we investigate stress balance inside FTEs using the current 
density computed by curlometer technique (Dunlop et al., 1990; J. A. Slavin, Lepping, Gjerloev, 
Goldstein, et al., 2003). Current density is also calculated directly using high quality FPI data 
according to the formula J = e (ni vi - ne ve) where n and v are the zeroth (number density) and first 
(bulk velocity) plasma moments, respectively. Figure 4-2c-e show the plasma moment profiles. 
For comparison, the linear barycentric value of JFPI is calculated with Taylor series expansion 
(first-order approximation) of current density with respect to a reference spacecraft α. The term 
barycenter refers to the center of mass of the tetrahedron: 
B< = Bα+ [B( r < - rα )]           						    (1) 
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Here, r and N are the position vector and the number of spacecraft, respectively, and  Rkj-1 is the 
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The current density profile, denoted as JFPI in Figure 4-2f, is derived from a single-probe plasma 
measurements (MMS2). The ratio of perpendicular to parallel components of current density helps 
analyze stress balance inside the FTE (Y. Zhao et al., 2016): 
RJ = |J| / |J| 
where J= |J · B| / |B| = J cos(θJB)  and J= B|J|2 −  (J)
2 = |B × (J × B)| / |B|2. In other words,  
RJ ≡ arctan (θJB). (4) 
In Figure 4-2g, the blue and green lines are calculated using current densities that are computed 
from the curlometer technique and all four FPI measurements at the barycenter, respectively, while 
the red line only takes into account the FPI measurements from a single spacecraft. Small RJ along 
the cross section of this FTE indicates that the structure is magnetically force-free (i.e. J × B	=	0). 
The force-free flux rope model (Burlaga, 1988; Lepping et al., 1990; Slavin et al., 2003) can 
be applied to gain quantitative information about the size and flux content of FTEs. The model 
assumes flux ropes to be i) cylindrically symmetric, and ii) force-free (	J × B = 0 and P = 0 
where P denotes thermal pressure). Thus, current density, J, is linearly proportional to magnetic 
field, B, and the force law has the following solutions (Lundquist, 1950): 
BR = 0,    Radial component of B 
BA = J0 (αr’) B0 ,   Axial component of B 
BT = J1 (αr’) B0 H.   Tangential component of B 
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Figure 4-2. The Eastwood 2016 event. a) total magnetic field, b) Magnetic field components 
in the LMN coordinates, c) ion (red) and electron (black) number densities, d) ion velocity in 
LMN coordinates, e) electron velocity in LMN coordinates, f) current density components, 
g) RJ (curlometer technique: blue, one spacecraft FPI current density: red, FPI current density 
at the barycenter: green), h) plasma beta. i) a cross-sectional view of a flux rope. The dashed 
line represents the trajectory of the spacecraft through the flux rope. The Closest Approach 
is indicated by Y0 and R0 and X0 are the flux rope radius and the distance from the closest 
approach to the edge of the flux rope, respectively. Xi and Ri increase incrementally as the 
spacecraft travels farther toward the edge of the flux rope. j) Chi-square profile of the second 
Eastwood et al. [2016] event. The estimated FTE radius is comparable to that previously 
reported (~ 550 km). 
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where J0 and J1 are zeroth and first order Bessel functions, respectively, and B0 is the magnitude 
of the core field along the axis of flux rope, H is the handedness, and r' describes the fractional 
radial distance from the center of the flux rope, equal to zero at the core and one at the edge. The 
core of the structure is where the magnetic field magnitude is most significant and the edge of the 
structure refers to the outer boundary of the flux rope where magnetic field magnitude drops to a 
minimum and the normal component of the magnetic field peaks. The value at which J0 reaches 
zero is a constant D=2.4048. 
Previous statistical studies of the size and flux content distribution of FTEs relied on an 
implicit assumption that the spacecraft passes through the center of the structure (e.g., Fermo et 
al., 2011). Here, we employ the force-free model to infer the impact parameter (i.e. distance from 
the center of the structure at the closest approach), radius, peak core magnetic field magnitude, 
and flux content of FTEs. Appendix A lists the steps for computing the size and flux content of 
flux ropes. Figure 4-2i provides a schematic depiction of an arbitrary pass through a flux rope by 
MMS spacecraft. In this figure, Y0 is the impact parameter and R0 is the actual flux rope radius. 
For more detail, see Appendix A. Figure 4-2j shows the chi-square profile of observed magnetic 
field components with respect to a cylindrically-symmetric constant-α flux rope model for the 
Eastwood et al. (2016) event. The modeled characteristic radius for this FTE is the radius at which 
the global extremum of the chi-squared profile is located. 
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4.3. Results and Discussion 
4.3.1. FTE size distribution 
During a 2-month dayside phase of MMS (11/03/2015—12/28/2015), when MMS sampled 
the subsolar magnetopause, 63 FTEs were identified using the visual criteria listed in the Methods 
section. All FTEs were required to be detected by all four spacecraft, but this was generally the 
case due to the small spacecraft separation. Using the force-free model described in Appendix A, 
the size and flux content of each FTE was determined.  
Our approach takes into account the trajectory of the spacecraft with respect to the center of 
the FTE.  Previous studies of FTEs have been limited by the uncertainty associated with assuming 
that the spacecraft goes straight through the center of the FTE along the surface of the 
magnetopause. That assumption is especially prone to error for large impact parameters (i.e. 
trajectories passing farther away from the center of the FTE). Here, we have constrained our 
selection criteria to only include FTEs with impact parameter smaller than 0.5 (IP ≤	0.5) and the 
Pearson's chi-squared test value below χ2	≤	0.1. Figure 4-3 summarizes the distributions of IP and 
chi-square parameters for the 63 FTEs detected in the MMS burst-mode intervals. Of these events, 
eight had impact parameters larger than 0.5 and chi-squared fit values larger than 0.1, thus were 
eliminated from our study. 
Figure 4-3. Distribution of the identified 
FTE data where green indicates the 
properties of the events included in this 
study: impact parameter (IP) smaller than 
0.5 and chi-squared values lower than 0.1. 
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Figure 4-4a is a histogram of the 
size distribution of 1098 FTEs 
observed by Cluster mission 
between 2001 and 2003 where the 
assumption was that the Cluster 
spacecraft trajectories intersected 
the central axis (i.e., IP=0) (Wang et 
al., 2005; Fermo et al., 2011). The 
black dashed curve is an exponential 
fit of nominal diameter of 5300 km. 
Figure 4-4b demonstrates the 
histogram of the normalized size 
distribution of MMS observations of 
the 55 FTEs that met all our criteria. 
As previously indicated, the FTE 
size is determined using the force-
free model. The red curve 
corresponds to an exponential fit 
with the nominal diameter of 1700 ± 
400 km and 30 ± 9 di, where di is the 
average ion inertial length inside 
each FTE. The black dashed curve 
represents the results from the 
Cluster observations. The MMS 
spacecraft observe small-scale FTEs 
at the subsolar magnetopause more 
frequently than Cluster satellites at 
high latitudes. This results in a 
decaying exponential fit whose 
mean is at least three times smaller 
than previously reported. It is 
Figure 4-4: a) Distribution of the diameters of 1098 
Cluster flux transfer events with an exponential tail fit 
with 3* = 5280 km to the tail of the distribution assuming 
IP = 0 for all crossings (Fermo et al., 2011), and b) A 
distribution of the diameters of 55 flux transfer events 
with IP < 0.5 and χ2 < 0.1. The solid red line is the 
exponential fit of 3* = 1670 km. The black dashed curve 
corresponds to the FTEs observed by Cluster, as shown 
in panel a. The green curve is the exponential fit for the 
55 events while assuming IP = 0 for all crossings. 
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important to note that the IP = 0 assumption underestimates both the diameter and the strength of 
the magnetic field in the core. The green curve corresponds to MMS observations assuming IP = 
0 for all crossings. As expected, this assumption results in a mean diameter that is artificially lower 
than the actual value.  
The relative size distribution of the 55 FTEs at the subsolar region are depicted in Figure 5a.  
The circles illustrate the diameter and the spatial distribution of the events in the equatorial plane. 
The mean diameter is 1700 km which corresponds to ~30 ion inertial lengths. Ion-scale FTEs are 
observed at the subsolar region shortly after they are formed by reconnection. On the other hand, 
massive FTEs are observed farther away from the subsolar magnetopause. Figure 4-5b shows a 
histogram of the magnetic flux content of all FTEs. Flux content is calculated using the modeled 
values of core magnetic field and FTE radius (See Appendix A-viii). The exponential decay fit 
(red curve) has a mean of 100 ± 30 kWb. This average flux content is nearly 3 orders of magnitude 
smaller than previously reported.   
 
 
Figure 4-5: a) Positions and size distributions of 55 FTEs in the GSM XY-plane; b) The 
distribution of the magnetic flux content of 55 flux transfer events with IP < 0.5 and χ2 < 
0.1. The solid red line is the exponential fit of Φ* ~ 100 kWb. 
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The larger FTEs, on average, contain less plasma and are likely “older”. In Figure 6a, plasma 
density, N, is averaged across the cross section of individual FTEs and plotted against diameter. 
The 55 events are grouped into (bin width (BW) = 500 km) bins and the error bars are graphical 
representations of the variability of averaged plasma data within each bin (σmean ≡ σ √n:
 ; where 
n is the number of events in each bin). Large FTEs are observed away from the subsolar 
magnetopause and are the result of multiple X-line reconnection (e.g., MMS: Hwang et al., 2016; 
THEMIS and Cluster: Hasegawa et al., 2006; Zhang et al., 2008; Hasegawa et al., 2010; Eastwood 
et al., 2012; Double Star: Trenchi et al., 2011).  
The average plasma density drops with increasing core magnetic field strength inside FTEs. 
Figure 4-6b depicts averaged plasma density inside individual FTEs binned (BW = 1 nT) and 
plotted against modeled core magnetic field values (using the force-free flux rope model). The x-
intercept of the linear fit in Figure 4-6b indicates that there is an upper threshold on the core 
magnetic field (|B|core<120 nT) at the dayside magnetopause. Flux ropes rely on plasmas to carry 
electric current for their existence, hence, flux ropes cannot exist beyond the above threshold where 
plasma density drops to zero. The y-intercepts in Figures 4-6a and 4-6b determine that in the 
absence of flux ropes (i.e. λ →	0 or |B|core	→0), plasma density rises to typical subsolar 
magnetopause plasma density (N~30-50 cm-3; (Escoubet et al., 1997)). 
 
4.1.1. FTE size distribution 
Figure 4-6: a) Bin-averaged (bin-width: BW=500 km) exponential fit of the FTEs’ 
averaged number density and size; b) Bin-averaged (bin-width: BW=1 nT) linear regression 
of the FTEs’ averaged number density and modeled core magnetic field. 
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4.1.2. Magnetic force-balance inside FTEs: 
Forces across a force-free structure must balance. The MMS high resolution FPI plasma 
measurements complement multi-spacecraft analysis techniques in assessing our force-free 
selection criteria. In particular, RJ, the ratio of perpendicular component of current density to the 
parallel component is examined. In Figure 4-7a, the normalized probability distribution functions 
(PDF) of RJ computed at the barycenter from particle moments (<FPI>; green) and curlometer 
technique (CURL; blue) for all observed data points are plotted. Here, we assume structures with 
RJ < 1 to be force-free. This assumption is mathematically equivalent to arctan(θJB)<1 or kπ	-	π/4 
< θJB<	kπ	+	π/4	; where k is an integer (e.g., Zhao et al., 2016). Figure 4-7b shows the normalized 
cumulative distribution function (CDF) of RJ. The ratio is calculated using the current density 
components from the curlometer technique at the barycenter (CURL). FPI current density 
components are also used to calculate the ratio at the barycenter (<FPI>), at individual spacecraft 
(FPI 1 S/C), and via averaging the four-spacecraft FPI measurements (AVG). The four methods 
unanimously indicate that, in general, 60 percent of the cross section of FTEs is force-free. Our 
findings indicate that all FTEs are force-free near the core and non-force-free in the outer boundary 
(> 0.6 Rflux rope).  The ratio, RJ, from the current density calculated via averaging the four-spacecraft 
FPI measurements (AVG), in Figures 4-7b, is in good agreement with ratios from both CURL and 
<FPI>. 
Figure 4-8a shows the evolution of the Hall term (i.e., net magnetic force) as a function of 
FTE diameter. Averaged |J × B| is computed at the barycenter of individual FTEs and binned and 
plotted against FTE diameter. It indicates that FTEs become more magnetically force-free as they 
grow larger (i.e., age). In other words, small-scale FTEs must grow via adiabatic expansion or non-
adiabatic mechanisms (i.e., coalescence) in order to re-arrange magnetic field lines and reach lower 
energy state. Figure 4-8b illustrates a first-order approximation of magnetic pressure gradient force 





where Bcore and Bedge are the (force-free) modeled core magnetic field and the FTE boundary 
magnetic field magnitude, respectively, and RFR is the modeled FTE radius. The plotted values are 
grouped into 500 km bins. Hence, the exponential fit here indicates that magnetic pressure gradient 
 65 
drops with increasing FTE size. That is to say, the densely populated magnetic field lines inside 
ion-scale FTEs become uniformly distributed across the cross section of the FTE with time via 
strong (oppositely-directed) magnetic curvature force: 
J × B = −Pm+ (B ·)B / µ0 . 
Here, the second term on the right-hand side is the magnetic curvature force. Furthermore, we 
conclude that FTEs become magnetically force free (x-intercept in Figure 4-8a) beyond ~9000 km. 
Previous studies have investigated the reliability of the curlometer technique in measuring 
current density in different plasma regimes (Ergun et al., 2016; Graham et al., 2016; Perri et al., 
2017). In particular, Graham et al. (2016) concluded that, in the absence of sharp spatial gradients 
(i.e. sub-proton scale structures), the parallel component of current density for both CURL and 
AVG are largely congruent. Figure 4-9 shows a scatter plot of all data points for parallel 
components of JCURL and J<FPI> (indicated by grey +). The red line specifies the orthogonal linear 
regression fit and indicates that there is very good agreement (correlation coefficient ~ 0.95) 
between the curlometer technique current density and the current density derived from plasma 
Figure 4-7: a) Probability Distribution Function (PDF) of RJ. Blue indicates values that are 
computed using the curlometer technique while green signifies FPI measurement of current 
density at the barycenter. b) Cumulative Distribution Function (CDF) of RJ from the 
curlometer technique (blue), FPI measurements at the barycenter (green), and single-




moments at the barycenter. In theory, a 
purely force-free structure lacks any sharp 
spatial gradients, therefore J|| CURL = J|| <FPI> 
= (1 N⁄ ) ∑  {(JFPI)i · Bi / |Bi|} i , where i = 
1, …, N. However, our observations show 
that curlometer J|| gives slightly larger 
values than those computed using FPI 
moments at the barycenter, especially at 
higher magnitudes. The small y-intercept, 
in Figure 4-9, casts out the existence of 
any significant sources of (systematic or 
random) error in computing current 
density using either techniques. 
4.1.3. Case study 
Figure 4-10 summarizes the physical 
quantities of three ion-scale FTE-type flux 
ropes. Table 4-1 lists the coordinate 
transformation (GSE to LMN) 
eigenvalues (λ) and eigenvectors for all 
events. FTE axes are all in the y-direction, 
consistent with Owen et al. (2008), 
indicating that FTEs move duskward 
(dawnward) due to J×B force exerted by 
magnetosheath flow. Knowledge of the 
impact parameter enables spatial 
characterization of physical properties of 
FTEs. Impact parameter varies between 
zero and one, where IP = 0 at the core of the structure and IP = 1 at the edges. As listed in Figure 
4-11, Events 1-3 are classified by impact parameter: low (IP	≤	0.1), medium (0.1< IP	≤ 0.3), and 
high (0.3< IP	≤	0.5) impact parameters. 
Figure 4-8: Bin-averaged (bin-width: BW=500 
km) a) orthogonal linear regression of the FTEs’ 
averaged net magnetic force (J × B) and diameter; 
b) exponential fit of the FTEs’ averaged magnetic 
pressure gradient and diameter. 
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Event 1 was captured on November 16, 2015 at 02:56:31 UT. During this event, the four MMS 
spacecraft crossed the magnetopause into the magnetosheath with average separation of 12 km and 
the tetrahedron quality factor (TQF) ~0.7, which compares the structure to a regular tetrahedron 
(Fuselier et al., 2016). The cross section of the structure was estimated to be 700 km, using the 
force-free model assuming an estimated local flow velocity vi ~ 185 km/s. This scale length is 
equivalent to 10 ion inertial lengths (di = c/ωpi ~ 70 km). The spacecraft crossed nearly through 
the core of the structure (IP = 0.06;  χ2~ 2×10-3). The core magnetic field was found to be |B|core ~ 
49 nT which corresponds to 9 kWb total magnetic flux content. 
 
Table 4-1. The GSE to LMN coordinate transformation for three ion-scale FTE-type flux ropes.  
Event # λ1 λ2 λ3 LK  [GSE] MK  [GSE] NK  [GSE] 
1 86.2 9.8 0.1 [ 0.723, -0.045, -0.690] [-0.151, 0.963, -0.222] [0.675, 0.264, -0.689] 
2 270.4 20.2 0.6 [-0.997, -0.046, 0.065] [ 0.061, -0.966, 0.250] [ 0.051, 0.253, 0.966] 
3 105.2 6.3 0.03 [-0.966, 0.135, 0.221] [-0.086, -0.972, 0.218] [ 0.244, 0.192, 0.951] 
 
Figure 4-9: Orthogonal linear 
regression of the parallel 
components of curlometer and 
barycenter FPI current densities of 
all 70 FTE data points. Black 





Figure 4-10: The flux rope-like FTEs (Event1-3): a) Magnetic field magnitude, b) observed 
(solid lines) and modeled magnetic field components (dashed lines) in LMN coordinates, c) 
ion density, d) ion parallel and perpendicular velocity components, e), electron parallel and 
perpendicular velocity components, f) single spacecraft FPI current density, g) RJ 
(curlometer: blue, single-spacecraft FPI: red, and barycenter FPI: green), h) plasma beta (all 
four satellites). 
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On November 15, 2015 at 03:24:35 UT (Event 2) an ion-scale FTE was observed in the Earth’s 
subsolar region. This event was 700 km in diameter (vi~180 km/s; IP=0.24; χ2~ 9×10-3). With a 
modeled core B strength of 56 nT, this FTE contained about 10 kWb magnetic flux.  
All four satellites sampled the outer boundary of a medium-size FTE (Event 3) on December 
07, 2015. Similar to Events 1&2, this structure was only 1.5 seconds in duration corresponding to 
1500 km in diameter and magnetic flux content of 40 kWb (IP = 0.4; χ2~ 2×10-2). The FTE was 
driven by a strong anti-sunward magnetosheath flow (vi~340 km/s).  
Plasma density and plasma beta dip at the closest approach. Panels c in Figure 4-10 depict 
plasma density profiles across the cross section of the FTE. The drop is most significant (30%) 
closest to the core of the structure (IP	≤	0.1). Near the core of FTEs, strengthening magnetic field 
together with a dip in plasma density result in a drop in the plasma beta profile. This indicates that 
magnetic pressure plays a greater role in driving the evolution of the structure closer to the core 
(i.e. magnetic pressure gradient force) while thermal pressure is dominant at the edges of FTEs. 
Weaker plasma beta observed at the core of the FTE is linked to the out-of-plane guide magnetic 
field (Karimabadi, Krauss-Varban, et al., 1999; Liu et al., 2009) and is believed to inhibit the 
development of anisotropic velocity distributions and subsequent instabilities (i.e., Weibel 
instability (Weibel, 1959)) (Schoeffler et al., 2011). 
 
Figure 4-11: Example low, mid, and high impact parameter trajectories through the structure. 
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Plasma beta (the ratio of the plasma pressure to the magnetic pressure) is suggested to play a 
role in determining the extent of plasma energization during flux rope formation (e.g., Phan et al., 
2010). Magnetic reconnection is credited for spawning significant changes in the particle 
distribution function for β	<	0.1 (Li et al., 2017) and is shown to be less proficient in plasmas with 
relatively large β (β	<	0.1) (Hoshino et al., 2001; Drake, Swisdak, Che, et al., 2006; Drake et al., 
2010; Oka, Phan, et al., 2010)). Simulations have also attributed flux rope’s shape, core magnetic 
field strengths, and evolution to plasma beta (Karimabadi et al., 1999; Schoeffler et al., 2011). 
Plasma beta drops with both increasing FTE size and FTE core magnetic field. In Figure 4-12, the 
mean plasma beta values are computed per FTE and are binned and plotted against both FTE 
diameter and the modeled core magnetic field magnitude. Here, the plasma beta dropping with 
increasing FTE size is an order of magnitude faster than the drop with strengthening core magnetic 
field. This indicates that plasma pressure must be dropping with much faster rate than the rate with 
which magnetic pressure increases inside evolving FTEs. This is consistent with the hypothesis 
that FTEs grow force-free via driving out plasma while their core magnetic field strengthens (Ma 
et al., 1994). 
Figure 4-12: Bin-averaged exponential fit of the FTEs’ averaged plasma beta and a) FTE 
size (BW=500km), and b) FTE modeled core magnetic field magnitude. 
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Ions inside densely populated FTEs are evacuated by a dominantly-parallel ion velocity while 
ions inside less populated FTEs remain ‘trapped’ (i.e. V< V) due to increasing perpendicular 
ion velocity (Schindler, 1979; Paschmann et al., 1982). The red shaded area in Figure 4-13 
indicates that the parallel ion velocity dominates inside FTEs with larger plasma densities 
(see Zhang et al., 2010). Inside FTEs with lower plasma density, ion velocity is prominently 
perpendicular to the local magnetic field configuration indicating that ions are trapped inside the 
flux rope (T. W. Speiser & Williams, 1982). This is reminiscent of the betatron acceleration inside 
evolving magnetic flux ropes (e.g., Retinò et al., 2008; Fu et al., 2011; Fu et al., 2013). In this 
view, the internal and external forces result in a net force that can accelerate particles via betatron 
acceleration perpendicular to the local magnetic field (Zhao et al., 2017). The population with 
smaller pitch angles accelerated parallel to the magnetic field upon ‘opening’ of the field lines 
have already been evacuated leaving particles with large pitch angles behind. Future study will 
further investigate the composition and pitch angle distribution of cold populations inside FTEs. 
Current density is enhanced and is predominantly field-aligned in the core regions of FTEs. 
At low IP, current density reaches a peak 
at the closest approach at which point the 
parallel component of current density 
dominates. However, farther away from 
the core, current density is, in general, 
small with comparable parallel and 
perpendicular components (with localized 
variabilities), as shown in Figure 4-10.3.f 
(Farrugia et al., 2016). Average current 
density across each FTE (BW = 500 km) is 
shown to be inversely proportional to FTE 
size. The decaying exponential fit in 
Figure 4-14a indicates that current density 
decreases with increasing FTE diameter 
while magnetic field strengthen has a 
direct relationship with FTE size (or age), 
as indicated in Figure 4-14b. 
Figure 4-13: Bin-averaged (BW=5 cm-3) linear 
regressions between the FTEs’ averaged number 
density and parallel (red diamond) and 
perpendicular ion velocities. Parallel and 
perpendicular ion flows dominate in the shaded 
red and blue patches, respectively. 
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In summary, Figures 4-12 
through 4-14 demonstrate that in 
order for the FTEs to reach their 
lowest energy states, the excess 
plasma must be evacuated along the 
magnetic field, which are signified 
by parallel flows and field-aligned 
current densities, while the core 
magnetic field strengthens (Saunders 
et al., 1984; Ma et al., 1994; Zhang et 
al., 2010; Chen et al., 2017). From 
this perspective, the weakening 
magnetic pressure gradient and the 
strengthening core magnetic field 
imply that the magnetic pressure 
must increase with increasing FTE 
size while thermal pressure drops ( 
Farrugia et al., 1998). FTEs are 
force-free in their core regions. As 
discussed above, 60% of the cross 
section of FTEs are force-free. While 
near the core of the structure 
magnetic forces cancel out one 
another, as shown in Figure 4-10.1.g, 
non-zero net forces at the edges of the 
FTE drive the evolution of the FTE 
and are responsible for the large RJ 
observed across Event 3. 
Figure 4-14: Bin-averaged (BW=500 km) a) 
exponential fit between the FTEs’ averaged (single-
spacecraft FPI) current density magnitude, and b) 
linear regression between the modeled core 




 In this study, we analyzed 55 quasi-force free FTEs observed during 2 months of MMS’s 
Phase-A when the four spacecraft were at near the subsolar magnetopause. These events were 
identified on the basis of their bipolar BL, strong core magnetic field signatures, and further 
screened using the Lepping-Burlaga constant-α flux rope model. The fitting of the MMS magnetic 
field measurements to this force-free model also allowed us to determine the impact parameter of 
the spacecraft trajectory relative to the central axis of the flux rope as well as the radius, core 
magnetic field intensity and magnetic flux content of the FTEs. Only FTEs with MMS impact 
parameters less than 50% of the radius of the structure were considered. The size and magnetic 
flux content distributions of the 55 FTEs satisfying this selection criteria fit decaying exponentials 
and indicate a nominal diameter of 1700 km (equivalent to ~30 ion inertial lengths) and a mean 
magnetic flux content of 100 kWb. This diameter is by a factor of 3 - 7 smaller than the value 
reported by Fermo et al. (2011) and Wang et al. (2005) based upon three years of Cluster data 
collected at the high-latitude magnetopause and low latitude flanks. The observed non-linear 
distributions appear consistent with the plasmoid instability theory where coalescence plays a 
significant role in generating large-scale FTEs (e.g., Shibata & Tanuma, 2001; Loureiro et al., 
2007; Samtaney et al., 2009; Daughton et al., 2009; Huang & Bhattacharjee, 2010; Fermo et al., 
2010; Uzdensky et al., 2010). 
The difference in the nominal diameter of FTEs at the Earth’s dayside magnetopause between 
MMS and Cluster observations is almost certainly due to their different orbits. Other contributing 
factors include different dynamic pressures at the two regions (Cluster low-latitude flanks and 
high-latitude magnetopause and MMS subsolar magnetopause), solar activity cycle for the two 
studies (Cluster 2001-2003 and MMS 2015), and different sample sizes (Cluster 1098 events and 
MMS 55 events). Our observations indicate that the ion-scale FTEs observed by MMS in the 
subsolar region must form locally only a short time before they are detected. These small, newly-
formed FTEs are then advected away from the subsolar region toward the flanks and high latitude 
regions by the anti-sunward magnetosheath flow. During this process FTEs are thought to grow 
and evolve into larger structures through the coalescence of smaller flux ropes into larger ones 
(Fermo et al., 2011).  
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The Cluster’s orbit had a perigee of 4 RE and an apogee of 19.6 RE with a 90° inclination 
angle. The plane of Cluster’s orbit precesses clockwise looking down from the north, and during 
planned phases the spacecraft extends outside of the magnetopause during which FTEs can be 
observed. MMS was launched into a 28° inclination orbit with geocentric perigee and apogee of 
1.2 RE and 12 RE, respectively. Cluster FTEs are observed at both the high-latitude magnetopause 
and low-latitude flanks for both southward and northward IMF while the FTEs reported in this 
study have been observed at the subsolar region where FTEs are believed to be originally formed 
(Berchem & Russell, 1984; Daly et al., 1984; Russell et al., 1985; Kawano & Russell, 1997). 
Hence, Cluster’s polar orbit may have contributed to the observation of dominantly larger FTEs. 
Other missions surveying the magnetopause, such as THEMIS and Double Star, have reported the 
presence of large-scale FTEs (one to few Earth radii in diameter) farther away from the subsolar 
magnetopause. In addition, although Cluster is well-equipped to detect small-scale FTEs (sub-
second duration) with its high time cadence magnetic field measurements, the spacecraft lacks the 
high time-resolution MMS/FPI measurements to confidently identify these structures. 
Current density, J, is by definition parallel to the local magnetic field in a force-free flux rope. 
Electric current may be determined using the curlometer technique or directly from plasma ion 
and electron measurements. We found that, on average, 60% of the cross section of all FTEs are, 
to a first-order approximation, magnetically force-free. Furthermore, the two current density 
calculation techniques were juxtaposed to confirm the reliability of the curlometer technique at the 
subsolar region. It is shown that, in the presence of sharp temporal or spatial magnetic field 
gradients, the curlometer technique computes slightly larger electric current density than that 
derived from FPI measurements. 
Our inference of an impact parameter for each FTE encounter enables the structure and the 
evolution of FTEs to be studied as a function of distance from the core. Three ion-scale FTE-type 
flux ropes with different impact parameters were investigated and the following conclusions are 
drawn: 
i) Plasma density and plasma beta dip at the core of a quasi-force free FTE-type flux 
rope, inhibiting instabilities (i.e. sausage or kink-mode instabilities), 
ii) The FTE core magnetic field strengthens as plasma is evacuated, 
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iii) FTEs are magnetically force-free at the core which is due to the predominately field-
aligned current density, 
iv) Current density peaks at the core of the structure. In addition, current density decreases 
with increasing FTE size. 
It is also shown that plasma density and plasma beta drop with increasing FTE size and with 
increasing FTE core magnetic field strength. Electric current density also plummets with 
increasing structure size. These trends suggest that the factors affecting the force balance inside 
FTEs change as FTEs evolve. This includes changing the dimension and morphology of the field 
lines (expansion or contraction (Drake, Swisdak, Che, et al., 2006)) as well as the escape of plasma 
on the field lines at the time of FTE formation. The variations in plasma moments and magnetic 
and thermal forces as a function of FTE size and impact parameter are the subjects of future work. 
Force-free flux ropes represent the minimum energy state for helical magnetic fields and mark 
the end point of their evolution (Priest, 1990). Weakening current density indicates that the 
structure is becoming more magnetically force-free as it ages (J × B → 0) while the decrease in 
plasma density with increasing FTE size corresponds to the vanishing of the thermal pressure 
gradient forces (P → 0). A future study will investigate forces inside (Zhao et al., 2016) and 
outside of FTEs (Pritchett & Wu, 1979; Pritchett, 1992). Lastly, previous studies have concluded 
that FTEs extend on one side up through the magnetosheath and connect to the solar wind while 
their other end reaches into the polar ionosphere (Fear et al., 2007, 2008, 2010; Owen et al., 2008; 
Varsani et al., 2014). Further work aims to study the evolution in the magnetic connectivity of 












Chapter 5: MMS Multi-Point Analysis of FTE Evolution: Physical Characteristics and 
Dynamics 
 
This Chapter is adopted from Akhavan-Tafti, M., Slavin, J. A., Eastwood, J. P., Cassak, P. 
A., & Gershman, D. J. (2019). MMS multi-point analysis of FTE evolution: Physical 




Magnetic reconnection is the process by which topological rearrangement of field lines 
relieves stress in magnetized plasmas (e.g., Biskamp, 1996; Yamada et al., 2010a; Gonzalez & 
Parker, 2016). Magnetic flux ropes are a crucial component of magnetic reconnection (Drake et 
al., 2006; Daughton et al., 2006). At the Earth’s magnetopause, they take the form of FTEs (Russell 
& Elphic, 1978; Lee & Fu, 1985; Scholer, 1988; Eastwood et al., 2007). Theory suggests that FTEs 
can begin as small (electron- or ion-scale) flux ropes generated inside the magnetopause current 
layer as a result of multiple X-line reconnection (e.g., Lee & Fu, 1985; Deng et al., 2004; Daughton 
et al., 2006; Chen et al., 2008; Daughton et al., 2011).  
Kinetic simulations and in-situ observations have suggested that, upon generation, flux ropes 
in three dimensions evolve in response to their environment moving tailward with the 
magnetosheath flow and expanding as the external pressure relaxes toward solar wind values (e.g., 
Berchem & Russell, 1984; Rijnbeek et al., 1984; Zhao et al., 2016; Farrugia et al., 2016; Teh et 
al., 2017) and coalescence (e.g., Finn & Kaw, 1977; Pritchett, 1992; Karimabadi et al., 2011; Song 
et al., 2012; Zhou et al., 2014; Wang et al., 2017).  
Global magnetohydrodynamic (MHD), kinetic, and Vlasiator simulations indicate that 
subsolar FTEs tend to grow larger as they travel away from the reconnection site along the 
magnetopause (Omidi et al., 2006; Raeder, 2006; Omidi & Sibeck, 2007; Dorelli & 
Bhattacharjee, 2009; Hoilijoki et al., 2017; Akhavan-Tafti et al., 2018; Hoilijoki et al., 2019). 
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The growth slows down when the FTEs approach their lowest energy state (i.e., ‘force-free’; 
Eastwood et al., 2012). The present study seeks to distinguish between FTE ‘expansion’ and 
‘growth’. FTE ‘expansion’ is a type of FTE ‘growth’ (i.e., increase in diameter) in which 
magnetic flux remains unchanged throughout the process.  
Figure 5- 5-1 illustrates three potential FTE growth mechanisms: i) adiabatic expansion, ii) 
continuous reconnection, and iii) coalescence. The concentric circles show magnetic islands which 
are two-dimensional projections of flux ropes. The shading of the islands determine the thermal 
pressure p inside them with the darkest shades indicating the region of largest p. The number of 
circles per area indicates magnetic field magnitude and the gradient shading inside the islands 
shows plasma pressure variability across the structure. The number of black circles represents the 
islands’ magnetic flux content ψ. The X markers indicate X-points at which magnetic field lines 
reconnect. Due to reconnection, plasma is often heated resulting in an enhanced thermal pressure, 
i.e., darker shades, and increased magnetic flux content, i.e., more circles. Evolution of the islands 
is represented with increasing time, t1 > t2; where subscripts 1 and 2 indicate earlier and later 
evolution stages, respectively. 
In the first scenario, in panel a, FTEs grow due to pressure-imbalance across the FTE 
boundary. As the FTE is carried away from the subsolar region, the external magnetosheath 
pressure will reduce resulting in the temporal expansion of the FTE. Inside these expanding FTEs, 
plasma pressure will drop but the magnetic flux content remains constant with time (ψ	=	B	A; 
where ψ and A denote the magnetic flux content and the cross-sectional area of an FTE, 
respectively). 
In the other two scenarios in Figure 5-1, FTEs also grow via reconnection. In one scenario, see 
Figure 5-1b, multiple X-line reconnection may continue after the initial formation of the magnetic 
island (Lee & Fu, 1985, 1986). Multiple X-line reconnection may or may not be a steady process 
(Phan et al., 2007). At t = t1, the reconnected magnetic field lines form magnetic islands. But, due 
to the ongoing magnetic reconnection (Raeder, 2006; Hoilijoki et al., 2019), the magnetic islands 
grow to a size much larger than the original current sheet thickness. During this growth process, 
plasma is heated due to reconnection (i.e., p2	> p1). Similarly, ongoing reconnection contributes 
additional magnetic flux to the original magnetic island (i.e., ψ2	> ψ1). 
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Figure 5-1: Three candidate FTE growth mechanisms: a) Adiabatic Expansion, b) Continuous reconnection, and c) coalescence. 
The concentric circles show magnetic islands which are two-dimensional projections of flux ropes. The shading of the islands 
determine the thermal pressure p inside them with the darkest shades indicating the region of largest p. The number of circles per 
area indicates magnetic field magnitude and the gradient shading inside the islands shows plasma pressure variability across the 
structure. The number of black circles represents the islands’ magnetic flux content ψ. The X markers indicate X-points at which 
magnetic field lines reconnect. The subscripts 1 and 2 indicate earlier and later evolution stages, respectively. 
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In the other scenario, depicted in Figure 5-1c, the magnetic islands grow via coalescence. 
Chains of ion-scale FTEs (Milan et al., 2000; Slavin et al., 2012; Dong et al., 2017; Teh et al., 
2017; Wang et al., 2017; Hwang et al., 2018) are formed at the dayside magnetopause due to 
multiple X-line reconnection (Lee & Fu, 1985). In this scenario, the neighboring FTEs are forced 
to merge, reconnect, and grow into larger structures, a process called ‘coalescence’  (Finn & Kaw, 
1977; Pritchett & Wu, 1979; Biskamp, 1982). Some in-situ MMS studies have found evidence for 
FTE coalescence at the magnetopause (Alm et al., 2017; Zhou et al., 2017; Wang et al., 2017). 
As shown in Figure 5-1c, repeated formation and convection of magnetic flux ropes during the 
multiple reconnection process will sometimes force neighboring FTEs to interact and merge via 
secondary reconnection. This interaction results in heating plasma (i.e., p2	> p+ p'	; where p and 
p’ represent plasma pressures of individual magnetic islands) and has been the subject of various 
simulation studies (e.g., Ding et al., 1992 and references therein). In two dimensions (i.e., anti-
parallel reconnection), theory suggests that magnetic flux in the two magnetic islands do not add 
during the coalescence process, ψ2	<	ψ	+ ψ'	 , where ψ and ψ'	represent the flux contents of the 
two magnetic islands. Rather, the flux in the smaller structure merges with the larger one (R. L. 
Fermo et al., 2011). In this manner, magnetic flux tubes from the smaller magnetic island connect 
on both ends to the flux tubes in the larger magnetic island, and in doing so create a larger magnetic 
island with a greater volume and a larger total mass of plasma. 
The three-dimensional picture of coalescing FTEs is more complex (e.g., Yamada et al., 1990). 
Magnetic helicity, a measure of twist of magnetic field lines inside flux ropes, influences the 
coalescence process. In particular, the merging FTEs’ shear angle, which is controlled by the axial 
component of their magnetic fields, will determine the rate and the extent to which FTEs coalesce. 
Correspondingly, the resulting FTE will contain equal, ψ2	=	ψ	<	ψ1, in the case of anti-parallel 
reconnection (e.g., Tian et al., 2010), or different magnetic flux than either of the two original 
FTEs, 	ψ	- ψ'	≤	ψ2	≤	ψ	+ ψ'	, in the case of component or guide-field reconnection (e.g., Pritchett 
& Coroniti, 2004; Furno et al., 2005; R. Wang et al., 2016a; Stanier et al., 2017). 
The high temporal and spatial resolution MMS observations enable detailed, multi-point 
investigations of magnetic reconnection. Here, we use a database of 55 previously identified FTEs 
(Akhavan-Tafti et al., 2018) to investigate the structure and temporal evolution of FTEs. The 
previous study used the constant-alpha force-free model to determine the impact parameter, which 
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is defined as the relative spacecraft distance to the central axis of the flux rope at the closest 
approach, as well as the radius, core magnetic field intensity, and magnetic flux content of the 
FTEs. They found that the FTE size distribution followed an exponential law. This result was 
interpreted as evidence for the plasmoid instability for the onset of fast reconnection. In space and 
astrophysical environments highly-elongated current sheets are subject to a ‘plasmoid instability’ 
that leads to their breakup and gives rise to an increase in the reconnection rate (collisional plasma 
regime: Dieter Biskamp, 1986; Loureiro et al., 2007; Bhattacharjee et al., 2009; Cassak et al., 
2009; W. Daughton et al., 2009; Y.-M. Huang & Bhattacharjee, 2010; Y.-M. Huang et al., 2011; 
Loureiro et al., 2012, 2013; Murphy et al., 2013; L. Comisso et al., 2015; Ni et al., 2015; L Comisso 
et al., 2016; Luca Comisso & Grasso, 2016; and collision-less plasma regime: William Daughton 
et al., 2006; Retinò et al., 2008; W Daughton et al., 2011; Baalrud et al., 2012; Y.-M. Huang & 
Bhattacharjee, 2013).  
FTEs subjected to an external and/or internal driving source evolve dynamically with time. 
During this evolution, the physical parameters, which characterize the state of the system, become 
a function of time. Each FTE is observed at a different point in its evolution, and thus the dynamics 
of growth and expansion can be studied on a statistical basis. In section 3.1, the cross-sectional 
profiles of the magnetic and plasma characteristics of the 55 FTEs are investigated. Inherently, no 
forces exist inside perfectly ‘force-free’ structures (i.e., J	× B ~ ∇P ~ 0). However, residual 
magnetic and thermal forces are expected inside ‘quasi-force-free’ FTEs described here by a 
goodness of fit (i.e., χ2	≤	0.1; Akhavan-Tafti et al., 2018). In fact, the residual forces may contribute 
to FTEs’ temporal evolution. In Section 3.2, the MHD forces are investigated inside the quasi-
force-free FTEs. In order to seek evidence for FTE growth and the underlying mechanisms, we 
evaluate the stress balance inside of these FTE-type flux ropes and their pressure balance with the 
surrounding magnetosheath. the thermodynamics of FTE growth is studied. In Section 3.3, the 
force-imbalance across the FTE boundary and the extent to which it may contribute to the 
expansion of FTEs is discussed. Adiabatic expansion of flux ropes, as suggested by Kumar & Rust 
(1996), requires plasma pressure inside ion-scale FTEs to drop rapidly with increasing FTE size. 
However, reconnection slows the rate at which plasma pressure drops with increasing FTE 
diameter via plasma heating. We conclude that FTE growth in the subsolar region is most likely 
driven by continuous reconnection at adjacent X-lines and coalescence. This result is important 
because it underpins the interplay between FTE evolution and adiabatic (e.g., betatron 
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acceleration) and non-adiabatic (e.g., reconnection, turbulence, wave-particle interaction, etc.) 
energization of plasmas at the magnetopause (e.g., Hwang et al., 2016). 
 
5.2. Experimental Approach 
5.2.1. Methods 
Subsolar FTEs are selected from 55 near-equatorial orbital passes (11/03/2015 — 
12/28/2015). High spatial and temporal MMS fields (Torbert, Russell, et al., 2016) and plasma 
suites (Pollock et al., 2016) are used to investigate the structure and dynamics of FTEs. The four 
MMS spacecraft were maintained at a tetrahedron formation at an average separation of 10 km (J 
L Burch, Moore, et al., 2016). 
FTE identification procedure is done via applying the minimum variance analysis (MVA) on 
magnetic field measurements where the FTE axis lies in the M (intermediate) direction while N 
(minimum) and L (maximum) signify the normal and tangential components, respectively (Xiao, 
2004). Our event selection criteria only allows FTEs with 1) small impact parameter (IP < 0.5), 
and 2) cylindrical symmetry (force-free model goodness of fit parameter, %& < 0.1; cf. Akhavan-
Tafti et al., 2018). 
Taylor expansion of parameters is enabled by the MMS’s multi-dimensional measurements 
and is used here to compute the barycenteric value: 
V = Vα+ (Vα)⋅( r * - rα )                     (1) 
where α indicates the satellite’s number (α = 1, …, 4),  r *  denotes the barycentric position and is 
the average of all 4 spacecraft position vectors,  rα, V is an n-dimensional vector (scalar: n = 1 and 




 + , -Vαi - Vβi. -rαk - rβk.
α,	β ≠ α
 0  Rkj-1 .                   (2)  
where the symbol ∑α ≠ β indicates summation over all N(N − 1)/2 independent terms with α	≠	β. 
Here, r and N signify the position and the number of spacecraft, respectively, and  Rkj-1 is the inverse 
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 , rαk rαj  ,
N
α=1
                    (3) 
where i, j, k = 1, …, n (Harvey, 1998). Equation 2 is also used to calculate the Lorentz force and 
electron and ion pressure terms in the momentum equation: 
ρ du dt1 = 
1 µ01  (B · ∇)B – ∇(
B2
2µ0
) – ∇p  (4) 
where  du dt1  on the left-hand side of the equation is a total convective time derivative. The terms 
on the right-hand side are magnetic curvature force, magnetic pressure gradient, and (electron and 
ion) thermal pressure gradient forces, respectively. The thermal pressure gradients are calculated 
assuming an isotropic (scalar) pressure, p.  
 
5.2.2. Assumptions 
This study relies on three fundamental assumptions to identify FTEs and to obtain a simple 
empirical model to investigate FTE structures, dynamics, and evolution. First, FTEs are modeled 
as force-free flux ropes in order to determine their scale size, impact parameter, and cylindricity 
(goodness-of-fit; 23 < 0.1). Second, FTEs are assumed axisymmetric to obtain radial profiles of 
their magnetic and plasma characteristics. Third, FTE diameter is used as a proxy to determine 
their stage of evolution. To accurately study FTE evolution, individual FTEs should be tracked 
and studied as a function of time and/or distance from their place of origin. However, this is 
unattainable with present in-situ observational capabilities (i.e., small number of closely-spaced 
satellites). To address this, Akhavan-Tafti et al. (2018) used FTE diameter as a proxy to determine 
FTEs’ stage of evolution and, therefore, to study how different physical parameters change. The 
present study will further investigate how FTE characteristics and dynamics evolve as a function 
of FTE diameter.  
In this study, it is further assumed that the internal properties remain relatively constant along 
the axis of the FTEs. To test this assumption, the 55 subsolar quasi-force-free FTEs are divided 
into two categories. The first category (35 events) includes only the FTEs that are observed inside 
the magnetosheath and are labelled as MSH. The second category (20 events) involves FTEs that 
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are observed at or within <10 seconds from a magnetopause crossing and are labelled as MP. Table 
5-1 summarizes the average thermal, Pth, and magnetic, Pm, pressures inside and outside each FTE 
category. The ratio of average pressures is also determined (ratio = Pinside / Poutside); where ratio > 
1 indicates that the average pressure inside is larger than the average pressure outside the FTEs. It 
is shown that thermal pressure averages are nearly similar (i.e., Pth, inside = Pth, outside) inside and 
outside both MSH and MP FTE categories. However, the average magnetic pressure is found to 
be larger inside both FTE categories (i.e., Pm, inside > Pm, outside). More importantly, it is revealed 
that the internal magnetic and thermal properties of an FTE do not necessarily change depending 
on where along the FTEs’ axes observations are made. This suggests that FTEs are closed 
structures and, therefore, their internal properties remain relatively constant along the axis of the 
structure making them independent of the spacecraft location. We take advantage of this 
conclusion to study the properties and the evolution of the 55 FTEs irrespective of where along 







Table 5-1: Thermal (Pth) and magnetic (Pm) pressure averages inside and outside FTEs observed 
in the magnetosheath (MSH) and at the magnetopause (MP). The ratio of pressures inside and 
outside FTEs (ratio = Pinside / Poutside) is determined for each category. 
 Inside Outside Ratio 
 MSH MP MSH MP MSH MP 
Pth [nPa] 1.95 1.6 2.02 1.56 0.97 1.03 
Pm [nPa] 0.79 0.93 0.57 0.69 1.39 1.35 
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5.3 Analysis and Results 
5.3.1 FTE Physical Properties 
Assuming cylindrical symmetry, the constant-α force-free flux rope model is used to infer the 
size, the core magnetic field strength, the magnetic flux content, and the spacecraft trajectories 
through the FTEs. Having the knowledge of the trajectory of the spacecraft through the FTE 
enables statistical study of the structure of quasi-force-free flux ropes as a function of distance 
from the central axis (Burlaga, 1988; Lepping et al., 1990; Slavin et al., 2003). The model defines 
impact parameter (IP) as the spacecraft distance from the axis of the flux rope at the closest 
approach (see Figure 11 in Chapter 4). Figure 5-2 through 5-4 provide single and multi-spacecraft 
cross-sectional views of the magnetic and plasma characteristics of the 55 FTEs. IP=0 indicates 
the central region of the FTE and IP=1 denotes the FTE ‘edge’, beyond which the magnetic field 
connectivity changes and magnetic fields are no longer bound to the structure (Rijnbeek et al., 
1987; C. J. Farrugia et al., 1988, 2016). The assumption here is that variables inside the FTE are 
axisymmetric. 
Physical variables are binned (bin width; BW=0.1) and averaged across all 55 FTEs. 
Environmental variability such as location can change average parameters inside FTEs. In order 
to take these variabilities into account, every data point within each FTE was normalized with an 
assigned ‘weight’ (i.e., the ratio of FTE-average of a variable to the average of the variable between 
all 55 FTEs). The detailed procedure is summarized in Appendix B. The error bars indicate the 
normalized variations of parameters inside individual bins and is known as the standard error, 
σmean ≡ σ √n1
 ; where σ and n are the standard deviation and the number of events in each bin, 
respectively. Furthermore, the contribution from the FPI instrumental measurement errors are 
negligible compared to the reported plasma moments as suggested by the cross-comparison of 
magnetic field and plasma moments at the spacecraft barycenter (cf. Figure 9 in Akhavan-Tafti et 
al., 2018). 
Figure 5-2a-c shows how plasma moments vary across the FTEs. As shown in panel a, plasma 
density is lower closer to the central region of the flux rope. The plasma density dip suggests that 
flux ropes are open-ended (three-dimensional) allowing plasma to evacuate upon strengthening 
magnetic field due to the twisting of the field lines (Ma et al., 1994; Zhang et al., 2010; Øieroset 
et al., 2016; Akhavan-Tafti et al., 2018). The dashed line indicates that the average plasma density 
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inside FTEs at the subsolar magnetopause to be 〈	N*	〉 ± σ	N*  = 28 ± 3 cm-3. Panel b indicates that 
electron and ion velocities, 〈V*e〉	=	190 km/s and 〈V*i〉	=	230 km/s, respectively, are independent of 
the distance from the FTE’s central axis. Electron and ion temperatures vary similarly as a function 
of IP. Panel c shows that the temperatures are lowest at the outer edge of the FTE. Electron and 
ion temperatures reach their maxima at IP=0.5 before dropping to their averages, 〈T7e〉 = 45 eV and 
〈T7 i〉	=	420 eV, respectively, near the central axis. 
Panel d in Figure 5-2 shows the twisting of the field lines inside an FTE. The magnetic field 
twist, θB, is a function of the ratio of the tangential, BL, to the axial, BM, components of magnetic 
field inside the FTE, θB	=	atan(
BL
BM1 ). In particular, it indicates that the axial component of the 
field lines becomes dominant near the central axis. The tangential component of the magnetic field 
becomes larger near the edges.  
Panel e demonstrates the cross-sectional variability of both magnetic, Pm, and thermal, Pth, 
pressures inside quasi-force-free subsolar FTEs. Magnetic pressure, 〈P*m〉 = 0.65 nPa, intensifies 
near the central axis where total magnetic field peaks. In contrast, thermal pressure, 
〈P*th〉 = 1.6 nPa, reaches a minimum near the central axis corresponding to the dip in plasma 
density. The thermal pressure profile suggests that plasma density variations, not temperature, is 
the dominant factor determining the plasma pressure profile inside FTEs. More importantly, the 
pressures are shown to be inversely correlated. A first-order approximation of the pressure 
gradients inside FTEs (i.e., P ~ ∆P RFR1 , where RFR is the FTE radius) also suggests that the 
magnetic and thermal pressure gradients point in opposite directions and nearly balance each other.  
Panel f further shows that plasma beta, which is the ratio of thermal and magnetic pressures, 
β	= Pth	 	Pm⁄ , dips below its average value of 〈	β	* 〉 = 4.3 near the FTE’s central axis. The average 
plasma beta is larger than those reported inside typical FTEs. This is consistent with Akhavan-
Tafti et al. (2018) where newly-born FTEs were shown to contain large plasma density. Over time, 
plasma will be depleted while magnetic field enhances inside the FTE resulting in lower plasma 
beta.    
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Figure 5-2: Cross-sectional profiles of a) plasma density, b) ion (left axis; red 
markers) and electron (right axis; black markers) bulk velocity, c) ion (left axis; 
red markers) and electron (right axis; black markers) temperature, d) magnetic 
pitch angle, θB = atan (BL/BM), where BL and BM represent tangential and axial 
magnetic field components, respectively, e) thermal, Pth, (left axis; red markers) 
and magnetic, Pm, pressures (right axis; black markers), and f) plasma beta. All 
data points across the 55 FTEs are grouped and averaged inside bins (bin-width; 
BW=0.1). The error bar denotes the standard error mean and is defined as the 
normalized variations of a given parameter inside each individual bin, mean ≡ 

√n1
 ; where  and n are the standard deviation and the number of events in 
each bin, respectively. Note that the primary and secondary y-axes are different 
in range and, in the case of plasma temperature, unit. 
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During (continuous and secondary) reconnection additional magnetic flux and plasma are 
added to the outer layers of FTEs. Internal magnetic and thermal forces aim to release this stress 
and bring the structure back to equilibrium. We first investigate the ‘frozen-in’ condition (i.e., 
E ~	-vi × B) for ions inside the 55 FTEs. The YGSE components of both the electric field 
measurements (from the Electric Dual Probes (EDP) instrument (Ergun et al., 2016; Lindqvist et 
al., 2016; Torbert, Russell, et al., 2016)) and the cross product of ion bulk velocity (from the fast 
plasma investigation (FPI) instrument (Pollock et al., 
2016)) and magnetic field measurements (from the 
fluxgate magnetometer (FGM) instrument (Russell et 
al., 2016)) are binned into bins (BW=0.5 [mV/m]) and 
are shown in Figure 5-3a. The dashed black line 
represents a line of slope unity for reference (y=x). The 
solid red line represents the fit (y=1.01x-0.31) 
determined using orthogonal linear regression 
indicating that ions remain frozen-in inside our quasi-
force-free FTEs.  
Second, the average net force components are 
investigated across our quasi-force-free FTEs.  Here, 
net force refers to the vector sum of the magnetic, 
J × B, and thermal pressure, ∇P,  forces. Figure 5-3b 
shows the bin-averaged (BW=0.1) values of the radial 
component of the net force on ions, Fi, radial, across the 
Figure 5-3: a) Cross-Comparison of the YGSE 
components of -vi x B and the electric field 
measurements grouped and counted inside bins 
(BW=0.5 [mV/m]). The solid red line represents the 
orthogonal linear regression fit. The cross sectional 
profile of the b) radial component of the net force, 
and c) axial component of the net force experienced 
by ions inside the 55 quasi-force-free FTEs. All data 
points across the 55 FTEs are grouped and averaged 
inside bins (BW=0.1). The error bar denotes the 
standard error inside each individual bin.  
 88 
cross sections of the 55 FTEs. The detailed coordinate transformation procedure is summarized in 
Appendix C. Here, a negative value of Fi, radial indicates inward force. We find that the net force is 
radially inward. Farther away from the FTE axis, the magnitude of the radially-inward net force 
enhances. The bin-averaged values of the axial component of the net force, Fi, axial, across the cross 
section of the FTEs are further shown in Figure 5-3c. In contrast with the radial component, the 
axial component of the net force is found to enhance significantly near the FTE’s central axis, IP 
< 0.5. In conclusion, the results found in Figure 5-3a-c suggest that the ‘frozen-in’ magnetic field 
lines are compressed inward with the plasma giving rise to strengthening core magnetic field. 
However, due to the strengthening magnetic field the radially-inward net force is reduced near the 
FTE’s central axis while the axial net force enhances. These findings indicate that plasmas are 
accelerated toward the FTE’s central axis, though closer to the FTE’s core region the radial force 
is reduced and the plasma is 
instead accelerated along the axial 
direction causing the plasma to 
escape the stressed region (e.g., 
Ma et al., 1994).  
Figure 5-4 further provides 
the cross sectional profiles of the 
radial components of the magnetic 
and thermal forces across the FTE. 
The error bars indicate the 
standard error inside each 
individual bin. The radial profiles 
indicate that inside FTEs magnetic 
pressure gradient (blue shade) and 
ion thermal pressure gradient 
(black shade) are dominant near 
the FTE’s central axis. It is also 
found that magnetic curvature 
force (red shade) is radially inward 
and becomes more significant near 
Figure 5-4: The radial components of the magnetic and 
thermal forces as a function of IP. The magnetic forces 
include the magnetic curvature force (shown in red) and the 
magnetic pressure gradient (shown in blue). The thermal 
forces are the ion (black shade) and electron (green shade) 
thermal pressure gradients forces. All data points across the 
55 FTEs are grouped and averaged inside bins (BW=0.1). The 
dotted lines show the boundaries of each of the shaded areas. 
 
 89 
the FTE’s edge. As expected, electron thermal pressure gradient (green shade) is small throughout 
the structure. On the other hand, ion thermal pressure gradient remains large, relatively steady, and 
radially inward across the structure. 
Figure 5-5a-d compare the spatial profiles of perpendicular and parallel components of plasma 
current density, net force, and electron and ion temperatures. In panel a, the ratio of perpendicular 
to parallel components of the current density is shown to be smaller than unity (i.e., R J	= 
J J⁄  < 1; Akhavan-Tafti et al., 2018). This is a result of our event selection criteria where only 
quasi-force-free FTE candidates were chosen. Panel b shows that the majority of the net force 
inside the FTE accelerates plasmas perpendicular to the local magnetic field. The relatively large 
parallel force is consistent with the observed enhanced axial component of the net force inside 
FTEs. The parallel net force can facilitate the escape of the stressed plasma through accelerating 
them along the magnetic field. The parallel net force may also affect the helical magnetic structure 
of the FTEs (Zhao et al., 2016). Temperature anisotropy inside FTEs is evident in panels c-d. 
Parallel electron temperature, Te	∥, and perpendicular ion temperature, Ti, are observed to be the 
larger components of the electron and ion temperatures, respectively. 
 
Figure 5-5: Cross sectional 
profiles of the parallel (red) 
and perpendicular (black) 
components of a) current 
density, b) net force, c) 
electron and, d) ion 
temperatures. All data 
points across the 55 FTEs 
are grouped and averaged 
inside bins (BW=0.1). The 
error bar denotes the 
standard error inside each 
individual bin. The dashed 
line represents the average 
value of each parameter 
across all FTEs. 
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5.3.2 FTE Boundaries 
In this section, the physical characteristics and dynamics are studied inside and just outside 
the 55 quasi-force-free FTEs. As shown in Figure 5-6, the term ‘inside’ refers to the cross section 
of the flux rope (shaded red) that meets the constant-alpha force-free flux rope model criteria 
Burlaga, 1988; Lepping et al., 1990; Akhavan-Tafti et al., 2018, while ‘outside,’ shaded as light 
blue, indicates the outer perimeter of the flux rope (i.e., the draping region Rijnbeek et al., 1987; 
Farrugia et al., 1988). The thickness of the outer perimeter was selected at 10 local ion-inertial 
lengths, di. This thickness is nearly one-third of the nominal FTE diameter at the dayside 
magnetopause (Akhavan-Tafti et al., 2018) and is sufficiently large to include reconnection-
associated kinetic and MHD effects (Smith, 1977; Tóth et al., 2017). 
Table 5-2 lists the relative contribution, i.e., percentage of total, of the force terms. The force 
terms are averaged inside and outside the 55 FTEs. The shading in each row corresponds to the 
relative contribution of individual force terms with the darkest shading representing the largest 
contribution. The table indicates that magnetic pressure gradient and ion thermal pressure gradient 
are the dominant force terms contributing to the total force inside and outside FTEs. Magnetic 
forces (magnetic curvature force and magnetic pressure gradient) are comparable in magnitude to 
the ion thermal pressure gradient inside FTEs. The thermal pressure gradient becomes dominant 
outside the FTEs. 
Figure 5-6: The red gradient indicates the magnetic field magnitude 
inside the FTE, while the light blue shade denotes the outer perimeter of 
the FTE with a thickness of 10 ion inertial lengths.  
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Table 5-2: The relative contribution, i.e., the percentage of total, of the force terms inside (blue 
shade) and outside (red shade) FTEs. The shading in each row corresponds to the relative 
contribution to the total force average inside all 55 FTEs with the darkest shading representing the 
largest contribution. 
 |(B · ∇)B/µ0| |∇(B
2/2µ0)| |∇Pi| |∇Pe| 
Inside FTE 15% 33% 43% 9% 
Outside FTE 13% 29% 48% 11% 
 
 
Figure 5-7 compares plasma beta, current density, and net force vector components inside and 
outside FTEs. Observations outside the 55 FTEs are bin-averaged (BW=1 di; where di = 
c ωpi⁄  =	2.28	×	107 (Ni	)-1/2 cm, is the average local ion inertial length and is a function of average 
ion density, Ni, outside each FTE). Panel a indicates that plasma beta varies quite remarkably 
across the FTE boundary. This is partly due to the enhanced magnetic pressure inside FTEs. Panel 
b shows that current density is, on average, enhanced by nearly 50% inside FTEs. Panels c-e 
present the net force vector components in the cylindrical coordinate system. The radial component 
of the vector sum of the magnetic and thermal forces, remains relatively small outside the FTEs 
suggesting that the radial magnetic and thermal forces are balanced. Furthermore, the magnitude 
of the tangential component of the net force, defined as Ftangential =	| F – (Fradial r= + Faxial M> )	|, 
enhances near the FTE edge. Finally, the axial component of the net force remains steady and non-
zero outside the FTE. The residual tangential and axial net force components may impact the twist 










Figure 5-7: The cross-sectional profiles 
of a) plasma beta, b) current density, c) 
the radial component of the net force, d) 
the magnitude of the tangential 
component of the net force, and e) the 
axial component of the net force inside 
and outside (10 local ion inertial lengths 
from the FTE edge) the 55 FTEs. All 
data points inside (outside) the 55 FTEs 
are grouped and averaged inside bins 
(BW=1 di). The error bar denotes the 
standard error inside each individual bin. 
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5.3.3 Case Study 
The magnetic and thermal force magnitudes inside the 55 quasi-force-free FTEs are non-zero 
(i.e., J × B ≠ A	&	∇P ≠ A). Here, we provide two quasi-force free FTEs observed in the 
magnetosheath with enhanced net force components. Figure 5-8 summarizes the magnetic and 
plasma moment observations. The panels in the left column include the measurements by MMS2: 
a) total magnetic field, b) magnetic field vector components in the GSE coordinate system, c) 
plasma density, d) ion velocity, e) plasma current density, and f) ion temperature. The magnetic 
and thermal force components are further included in the right column: g) total magnetic field, h) 
magnetic and thermal pressure components, i) magnetic curvature force, j) magnetic pressure 
gradient force, k) ion thermal pressure gradient force, and l) net force which is defined as the vector 
sum of the magnetic and thermal forces. The vector components are presented with respect to the 
local magnetic field. The component of each vector parallel to B is shown in red, while the 
magnitude of the perpendicular component of the vector is shown in black. The red gradient and 
the light-blue solid color shadings represent the areas ‘inside’ and ‘outside’ each FTE. The width 
of the blue shaded area is 10 ion inertial lengths which is determined using the average local ion 
density, Ni = 40 cm-3. 
Zhou et al. (2017) reported the presence of an ion jet reversal (viz, GSM = ± 200 km/s; panel c) 
during a magnetopause crossing (November 17, 2015 — 02:13:40 - 02:14:40 UT) corresponding 
to a ‘dissipative’ interaction of two neighboring FTEs. Shortly after this crossing, at the peak of 
the southward ion velocity, a chain of small-scale FTEs is observed, labeled as ‘FTE 1’ and ‘FTE 
2’. In particular, two FTEs centered at 02:20:48 UT and 02:21:24 UT are observed surrounded by 
two southward viz peaks (02:17:30 UT and 02:22 UT) which met our selection criteria (Akhavan-
Tafti et al., 2018). 
Plasma density is shown to dip by 50% at the center of FTE 1 and by 25% inside FTE 2. 
Parallel current density is further found to enhance inside the two events. Ion temperature 
anisotropy is observed across both FTEs; however, the parallel ion temperature, Ti, is smaller 
than the perpendicular component, Ti, inside FTE 1, Ti	>	Ti, while Ti	<	Tiinside FTE 2. 
Magnetic pressure enhances inside both FTEs resulting in increased magnetic pressure gradient 
force. β	= Pth / Pm ~ 4 outside the two FTEs. Plasma beta is reduced inside both structures. Ion 
thermal pressure gradient force is found dominant inside the two FTEs. 
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Figure 5-8: The November 17, 2015 magnetopause boundary crossing. Panels include: a&g) 
magnetic field magnitude, b) magnetic field components in the GSE coordinates, c) ion (red) and 
electron (black) density, d) ion velocity parallel (red) and perpendicular (black) components, e) 
plasma current density parallel and perpendicular components, f) ion temperature components,  h) 
ion thermal and magnetic (black) pressures, i) magnetic curvature force parallel and perpendicular 
components, j) magnetic pressure gradient force parallel and perpendicular components, k) ion 
thermal pressure gradient force parallel and perpendicular components, and l) net force parallel 
and perpendicular components. Two quasi-force-free FTEs, labeled as ‘FTE 1’ and ‘FTE 2,’ are 
shown with gradient and solid color shadings corresponding to the observations made ‘inside’ and 
‘outside’ the FTEs, respectively. The width of the blue solid color shading is 10 ion inertial lengths, 
di ~ 1400 km, from an average of Ni = 40 cm-3. 
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5.4 Discussion 
In this study, we investigate the structural characteristics of the 55 subsolar quasi-force-free 
FTEs identified and modeled by Akhavan-Tafti et al. (2018). The determination of the impact 
parameter of the MMS spacecraft trajectories through modeling FTEs as force-free flux ropes with 
cylindrical geometry allows the study of cross-sectional profiles of physical parameters as a 
function of distance from the FTEs’ central axis. It is revealed that: 
i) Plasma density and plasma beta increase with increasing distance from the FTE’s central 
axis. 
ii) The radial component of the net force (solid-black arrow in Figure 5-9a) at the outer layers 
of the flux rope points inward. The axial component of the force, shown as an into-the-
plane arrow, becomes significant near the FTE’s central axis.  
As illustrated in Figure 5-9a, the continuous supply of magnetic flux and plasma to 
the FTEs’ outer layers, shown as grey-shaded area, by magnetic reconnection at adjacent 
X-lines and/or coalescence with the neighboring FTEs, shown as X points, drives FTEs 
to ‘grow’ (Hasegawa et al., 2010; Akhavan-Tafti et al., 2018) while also contributing to: 
a. The observed average decrease in plasma density near the FTE’s central axis. Cross-
sectional profile of plasma density is represented as a blue and red-shaded area. As 
discussed above, plasma density drops below average, white-shaded area, near the 
FTE’s core region. 
b. The observed radially-inward net force at the outer layers of the FTEs as well as the 
enhanced axial net force closer to the FTE’s central axis. 
These observations are consistent with the continuous supply of magnetic flux and 
plasma heating by magnetic reconnection. As suggested by the radially-inward net 
force, the additional magnetic flux and plasma, in the reconnection exhaust, is 
compressed and accelerated, respectively, while being transported toward the FTE’s 
core region. Closer to the FTE’s central axis, where Baxial enhances, the axial net force 
component strengthens. The strengthening axial force can then accelerate plasmas 
along the FTE’s axis and cause the ‘trapped’ plasma population to escape the stressed 
region (e.g., Ma et al., 1994; Akhavan-Tafti et al., 2018; Sun et al., 2019). 
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Figure 5-9: Cartoon representation of cross-sectional profiles of a) plasma density profile and the 
radial (solid black arrow) and the axial (into-the plane arrow) components of the net force, and b) 
magnetic pitch angle, θB = atan (BL/BM), where BL and BM represent tangential and axial magnetic 
field components, respectively. Plasma density colorbar corresponds to the bin-averaged values 
reported in this study. The grey shaded area around the flux rope illustrates the magnetic flux and 
plasma (grey arrows labelled as ‘Vout’) continuously added to the FTEs’ outer layers by 
reconnection (shown as ‘X’). 
 97 
iii) The tangential component, BL, of the magnetic field increases farther away from the FTE’s 
central axis. Figure 5-9b shows the profile of magnetic pitch angle, θB	=	atan(
BL
BM1 ), 
across the cross section of a typical quasi-force-free FTE. The tangential component of 
the magnetic field enhances at the FTE’s outer layers. The FTEs’ magnetic pitch angle 
may impact the coalescence process (e.g., Yamada et al., 1990). 
iv) Ion and electron temperatures are found to be anisotropic throughout the cross section of 
FTE-type flux ropes observed both inside the magnetosheath and at the magnetopause. 
a. We observe that, on average, Te	>	Tethroughout the cross section of subsolar FTEs. 
Firehose, Te	∥ > Te	⊥, and whistler, Te	>	Te, instabilities can arise due to electron 
temperature anisotropy (e.g., Kennel & Petschek, 1966; Hollweg & Völk, 1970a, 
1970b; Pilipp & Völk, 1971; Cuperman, 1981; Gary & Madland, 1985; Zhao et al., 
1996; Drake et al., 2010; Wang et al., 2019). Zhao et al. (1996) notes that the former 
condition is rarely observed in space plasmas and, hence, infrequently reported in the 
literature, but our analysis suggests that it may occur in FTEs.  
b. We also observe that, on average, Ti	>	Tiinside small-scale subsolar FTEs. In 
theory, anisotropic ion temperature, Ti	>	Ti, can act as a source of free energy for 
various low-frequency electromagnetic instabilities in the magnetosheath, such as the 
ion cyclotron anisotropy and instability and the mirror instability (e.g., Gary et al., 
1976; Lee et al., 1988; Midgley & Davis, 1963; Remya et al., 2013; Zwan & Wolf, 
1976). A future MMS study will examine anisotropies in the plasma moment 
distributions and the associated instabilities inside FTEs. 
The profiles of the magnetic and plasma properties are further analyzed outside FTEs to gain 
insight into the role of environmental conditions in impacting the evolution, e.g., growth, of FTEs. 
In particular, it is shown that, compared to the average properties inside FTEs: 
i) Plasma beta enhances significantly, by a factor of  >4, outside FTEs. This may be the 
result of enhanced thermal pressure, and reduced magnetic pressure, at the adjacent X-
lines. 
ii) Current density is reduced outside FTEs. 
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iii) The radial component of the net force remains steady and negligible outside FTEs which 
may be a result of our selection process, i.e., quasi-force-free FTEs. However, the 
tangential and the axial components of the net force are found to be significant outside 
FTEs. These observations suggest that the structure of FTEs, in particular, the magnetic 
field twist at the FTE’s outer layers, θB	=	atan(
BL
BM1 ), may be affected by environmental 
net forces (e.g., Zhao et al., 2016).  
The observed internal and external magnetic and plasma characteristics suggest that FTEs 
evolve with time. Previously, the FTEs at the subsolar magnetopause have been found to range 
between 102-104 km in diameter. Akhavan-Tafti et al. (2018) suggested that FTEs are generated at 
ion-scale at the subsolar magnetopause and grow as they convect away toward flanks and high-
latitude magnetopause where the magnetosheath pressure is much lower (Sibeck et al., 1990; 
Eastwood et al., 2012). From the three FTE growth mechanisms discussed in Figure 5-1, a radially-
outward net force across the FTE boundary is required to cause the ‘expansion’ of FTEs as a 
function of distance from the subsolar region. However, our observations indicate that the net force 
inside FTEs is radially inward and that the radial component of the net force is negligible, i.e., 
force balance J × B− 	∇P ~ 0, outside FTEs. To further confirm or deny ‘expansion’ as an FTE 
growth mechanism, we examine the plasma pressure inside FTEs as a function of FTE diameter. 
In the absence of magnetic reconnection, the irreversible adiabatic expansion of FTEs 
requires, cf. Appendix D, that the thermal pressure inside an ion-scale FTE to drop by at least two 
orders of magnitude, i.e., p < 10-4 nPa, while the FTE grows macro-scale, >1 RE in diameter. Figure 
5-10a shows histograms of thermal (Pth = NkBT; where T = Ti + Te and kB is the Boltzmann 
constant) and magnetic pressures measured inside the 55 FTEs at the subsolar magnetopause. The 
thermal and magnetic pressure distributions are nearly symmetric about their means at 1.5 nPa (0.3 
< Pth [nPa] < 5.0) and 0.5 nPa (0.03 < Pm [nPa] < 3), respectively. Therefore, our observations do 
not confirm FTE growth via expansion. 
We further examine the rate at which pressure varies as a function of FTE size. Figure 5-10b 
shows the change in average thermal, Pth, and magnetic pressures, Pm, as a function of FTE 
diameter. Here, pressures are averaged across the cross section of individual FTEs and plotted with 
respect to the FTE diameter. The 55 FTEs are grouped into bins (bin widths (BW) = 500km) and 
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the error bars indicate standard error of 
values inside each bin (σmean ≡ σ √n1
 ; 
where n is the number of events in each 
bin). The solid curves represent power 
law fits to the data with shaded areas 
signifying the 95% confidence interval. 
The dependence of thermal pressure as a 
function of the FTE diameter, λ, is 
measured on average as λ-0.24 compared 
to λ-3.3 , shown as a grey dashed-line, 
expected for adiabatic expansion of 
FTEs. This observed slow decay of the 
thermal pressure is consistent with 
plasma undergoing significant heating 
(Drake et al., 2006) further indicating 
that adiabatic expansion alone cannot 
explain the observed FTE range of 
diameters at the magnetopause. This 
result suggests that adiabatic FTE 
expansion in the subsolar magnetosheath 
is accompanied by processes that add i) 
magnetic flux, and ii) thermal pressure to 
the outer layers of FTEs. Hence, FTE 
growth can occur via three mechanisms: 
1) Continuous reconnection: 
Ongoing multiple X-line 
reconnection can add magnetic 
layers to an existing FTE as 
predicted by simulations (Lee & 
Fu, 1985; Chen et al., 2017). The 
Figure 5-10: a) Histograms of thermal and magnetic 
pressure data points inside the 55 FTEs. b) Average 
thermal pressure and magnetic pressure profiles as a 
function of FTE diameter across the 55 FTEs. The 
circles indicate the bin-averaged (BW=500 km) 
values of pressures. 
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resulting increase in the structures’ magnetic flux and plasma content can explain also the 
exponential distribution of magnetic flux inside subsolar FTEs (Fermo et al., 2011; 
Akhavan-Tafti et al., 2018). Further, plasma is heated in the exhausts of the primary X-
line and plasma pressure is expected to increase in the outer layers of these flux ropes as 
new layers of helical magnetic flux are added and the FTE grows in size. 
2) Coalescence: PIC simulations suggest that numerous small-scale flux ropes form in thin 
current sheets (e.g., Drake & Lee, 1977a, 1977b; Galeev et al., 1978; Hesse et al., 1999; 
Pritchett, 2001, 2005; Ricci et al., 2004; Daughton et al., 2011; Nakamura et al., 2016; 
Huang et al., 2016; Lapenta et al., 2018). Neighboring small-scale flux ropes then 
reconnect with each other and, as a result, grow into larger merged FTEs (e.g., Wang et 
al., 2016; Alm et al., 2017; Zhou et al., 2017). Through coalescence, the magnetic flux 
content of the merged FTE is equal to or greater than the larger of the two (i.e., R. L. 
Fermo et al., 2011). However, plasma is added to the outer layers of the merged FTE and 
heating may occur as a result of the reconnection between the outer layers of the two 
merging FTEs. 
3) Adiabatic expansion due to the pressure-imbalance across the FTE boundary: Upon 
formation at the subsolar magnetopause, FTEs advect with the magnetosheath flow toward 
the flanks and high-latitude regions where the magnetosheath thermal pressure is lower. 
The pressure-imbalance across the FTE boundary created as they are carried tailward may 
lead to the expansion of FTEs (Eastwood et al., 2012). The expansion will continue until 
the internal magnetic forces and plasma pressure gradients are again in balance. FTEs 





In summary, we have used the high temporal and spatial-resolution MMS magnetic and 
plasma measurements to investigate the structure and dynamics of 55 subsolar FTEs. The force-
free flux rope model was initially used to derive the relative distance of the spacecraft with respect 
to the FTE’s central axis. i.e., the impact parameter. Having knowledge of the impact parameter 
facilitates the statistical study of cross-sectional profiles of physical parameters inside and outside 
FTEs. In particular, we observe that plasma density and plasma beta decrease near the FTE’s 
central axis. We also find that the sum of the magnetic and thermal forces points radially inward 
at the outer layers of FTEs suggesting that plasmas and the frozen-in magnetic flux are accelerated 
toward the center of the FTE causing the field lines to compress. However, closer to the FTE’s 
central axis, the axial net force is found to dominate and to accelerate the plasma along the FTE’s 
axis and out of the region of compressing field lines. 
Magnetic and plasma characteristics are also studied outside FTEs to gain insight into how 
changing external conditions may impact FTEs. It is observed that plasma beta outside the FTEs 
is, on average, significantly larger than the values inside. Similarly, the tangential and axial net 
force components are also found to enhance outside FTEs. Since magnetic field pitch angle is a 
function of the ratio of the tangential and axial magnetic field components, the enhanced tangential 
and axial net force components can likely impact the twist of magnetic field lines at the FTEs’ 
outer layers. 
We also find that the average thermal pressure inside FTEs decreases with increasing FTE 
diameter. If the 55 FTEs had started out with similar diameters and external conditions, the 
observed rate of thermal pressure decrease with increasing FTE diameter is shown to be slower 
than the rate expected for the adiabatic expansion of FTEs. This result suggests that the adiabatic 
expansion of FTEs at the subsolar magnetosheath is accompanied by processes, such as magnetic 
reconnection, that add i) magnetic flux, and ii) thermal pressure to the outer layers of FTEs. 
Magnetic reconnection at adjacent X-lines and/or coalescence with the neighboring FTEs is most 
likely the external source of magnetic flux and plasma. This continuous addition of magnetic flux 
and plasma, while causing an FTE to grow in size, drives a net radially-inward force which leads 
to the compression of the magnetic field lines and the acceleration of plasmas inside the FTE. This 
process leads naturally to the low-beta core region of the FTE as it evolves toward its final relaxed, 
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Chapter 6: MMS Observations of Plasma Heating Associated with FTE Growth 
 
This Chapter is adopted from Akhavan-Tafti, M., Slavin, J. A., Sun, W. J., Le, G., & 
Gershman, D. J. (2019). MMS Observations of Plasma Heating Associated with FTE Growth. 
Geophysical Research Letters, 46. 
 
6.1 Introduction 
Satellite observations have long reported the presence of energetic particles, emanating from 
the solar corona, in the interplanetary medium and in planetary magnetospheres (e.g., Murayama 
& Simpson, 1968; Retzler & Simpson, 1969; Meng, 1971; Meng & Anderson, 1971; Sarris et al., 
1976; Baker & Stone, 1977; Krimigis & Sarris, 1979; Retinò et al., 2008; Huang et al., 2012; 
Dewey et al., 2017). The key outstanding questions regard the underlying physical mechanisms 
producing such energetic particles and their transport. The proposed mechanisms include fast and 
slow shocks, electromagnetic waves, and magnetic reconnection (e.g., Miller et al., 1997; 
Aschwanden, 2002; Drake, Swisdak, Che, et al., 2006; Krucker et al., 2008; Guo et al., 2015; Benz, 
2017). 
Particle-in-cell (PIC) simulations and in-situ observations have attributed magnetic 
reconnection-driven plasma acceleration and heating to three major mechanisms (e.g., Chen, 
Bhattacharjee, et al., 2008; Dahlin et al., 2014, 2015, 2016, 2017; Kagan et al., 2017; Büchner et 
al., 2018). In the first mechanism, plasma acceleration and heating occur inside or near the 
diffusion region, where collisionless plasma processes facilitate the changes in magnetic 
connection through the generation of dissipative electric fields (e.g., Zenitani & Hoshino, 2001, 
2007, 2008; Lyubarsky & Liverts, 2008; Oka et al., 2010; Uzdensky et al., 2011; Bessho & 
Bhattacharjee, 2012; Cerutti et al., 2012). Secondly, acceleration and heating occur in the 
downstream of the reconnection site, between an adjacent X-line and the edges of a flux rope, 
where the outflowing plasma first encounters sharp spatial magnetic field variations (i.e., strong 
magnetic field gradients) (e.g., Hoshino et al., 2001; Jaroschek et al., 2004; Zenitani & Hoshino, 
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2007; Pritchett, 2008). Thirdly, acceleration and heating occur inside flux ropes, where the newly-
reconnected magnetic flux piles up, particles can become accelerated (Drake, Swisdak, Che, et al., 
2006; Drake et al., 2010; Kowal et al., 2011).  
Simulations suggest that plasmas are accelerated along reconnecting magnetic field lines due 
to parallel electric fields and curvature drift, i.e., Fermi acceleration (Dahlin et al., 2014; Muñoz 
& Buechner, 2017). In the guiding-center limit, where the first adiabatic invariant is conserved, 
plasma acceleration is described by (Northrop, 1963; Drake et al., 2019): 
dU




∂t1 + uE·∇BG + - p∥+ ρ u∥
2. uE· κ , 
where U is the total kinetic energy,  p∥ and p⊥are the parallel and perpendicular (with respect 
to the ambient magnetic field B) thermal pressures, respectively. uE is the E×B drift velocity. ρ 
and u∥ denote the mass density and the parallel bulk velocity, respectively, and the curvature 
κ = (B · ∇)	B	/B2. Term 1 (U̇1; parallel electric fields) the first term on the right-hand side, 
describes acceleration due to parallel electric fields and is independent of frame of reference. 
Conservation of the first adiabatic invariant, µ, is invoked in the second term, Term 2 (U̇2; betatron 
process). Here, the gradient-B drift accelerates particles via betatron acceleration. The last term, 
Term 3 (U̇3; first-order Fermi process), describes curvature drift driven by relaxing magnetic field 
lines which accelerate particles parallel to B through Fermi acceleration. 
The simulations by Egedal et al. (2012) suggested that parallel electric fields can accelerate 
electrons over spatial scales larger than the previously-thought electron diffusion regions. Later 
simulations by Dahlin et al. (2016) contradicted these results. Instead, the authors argued that 
Fermi acceleration dominates electron heating, especially in regimes of strong magnetic shear. 
These results were re-examined by Zhou et al. (2018) using three-dimensional PIC simulations. 
They concluded that parallel electric fields are the dominant electron acceleration mechanism. 
More notably, small-scale flux ropes were found to play an essential role in accelerating electrons, 
in agreement with the Cluster observations by Fu, Xu, et al. (2019).  
MMS observations (Akhavan-Tafti et al., 2018) and simulations (Raeder, 2006; Fermo et al., 
2011; Hoilijoki et al., 2019) indicate that FTEs form in the subsolar region and grow as they 
convect toward the flanks and high-latitude magnetopause. Internal plasma pressure is observed 
to decrease sub-adiabatically with increasing FTE diameter (Akhavan-Tafti et al., 2019) suggesting 
the presence of internal plasma acceleration and heating processes. Akhavan-Tafti et al. (2019) 
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further showed the presence of residual net force inside FTEs which can accelerate plasmas. 
Herein, we quantify the contributions of acceleration mechanisms in the guiding-center 
approximation using MMS high temporal and spatial-resolution fields and plasma measurements. 
First, a case study event is presented as a typical example of plasma moments and distributions 
across and in the environments surrounding two neighboring FTEs of different scale sizes. Next, 
the contributions of the parallel electric fields, betatron acceleration, and the first-order Fermi 
acceleration are determined directly from the MMS measurements inside and at the outer 
perimeters of 55 subsolar, quasi-force-free FTEs, identified by Akhavan-Tafti et al. (2018, 2019). 
It is concluded that magnetic reconnection plays a long-lasting role in accelerating plasmas at the 
magnetopause by generating FTE-type flux ropes which then grow and further accelerate plasmas. 
 
6.2 Methods 
The multi-point analysis techniques are used to calculate spatial gradients, including 
magnetic gradient ∇b and curvature κ = (b · ∇)	b (Zhao et al., 2016; Akhavan-Tafti et al., 2019), at 
the barycenter of the four MMS spacecraft (Harvey, 1998). Plasma current density is determined 
from the fast plasma investigation (FPI; Pollock et al., 2016) plasma moments at the barycenter 
(Akhavan-Tafti et al., 2018). The four-spacecraft average plasma and electric field double probe 
(EDP; Ergun et al., 2016; Lindqvist et al., 2016; Torbert, Russell, et al., 2016) electric field 
measurements are determined at the barycenter and interpolated to match the flux-gate 
magnetometer (FGM; Russell et al., 2016) time resolution at 128 samples per second. The induced 
local magnetic fields is estimated from Faraday’s law, ∂B ∂t1  = − ∇ × E, wherein the component 
along the E×B drift is calculated as  ∂B ∂t1   =  
1
|uE|1  FuE ·
∂B
∂t1 G, where uE represents the E×B 
drift velocity. The four MMS spacecraft were maintained at a tetrahedron formation at an average 
separation of 10 km throughout the duration of the interval of interest (Burch, Moore, et al., 2016).  
FTEs are modeled as force-free flux ropes in order to determine their scale size, impact 
parameter (IP; defined as the relative distance from the FTE’s central axis at the spacecraft closest 
approach cf. Figure 11 of Chapter 4), and geometry. Fifty-five FTE-type flux ropes are selected 
based on the following criteria: 1) small impact parameter (IP < 0.5), and 2) cylindrical symmetry 
(force-free model goodness of fit parameter, %& < 0.1; cf. Akhavan-Tafti et al., 2018; Akhavan-
Tafti et al., 2019). 
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6.3 Analysis and Results 
6.3.1 Case Study 
The magnetopause crossing of November 17, 2015 was first examined and reported by Zhou 
et al. (2017). The boundary crossing was marked by large ion jet reversals corresponding to a 
dissipative interaction of two neighboring FTEs. As shown in Figure6-1a, the magnetic field 
magnitude and vector components indicate the presence of two force-free FTEs (e.g., Russell & 
Elphic, 1978; Akhavan-Tafti et al., 2019), labeled as ‘FTE 1’ and ‘FTE 2,’ centered at 02:20:48 
UT and 02:21:24 UT. The FTEs are identified with their bipolar magnetic signatures coinciding 
with an enhancement in the axial and total magnetic fields. Plasma distribution along the field lines 
are used to identify FTE boundaries (e.g., Lv et al., 2016). 
FTE 1 is 4000 km in diameter, H, with a modeled core field magnitude of 60 nT 
corresponding to a magnetic flux content 300 kWb (Akhavan-Tafti et al., 2018). FTE 2 is much 
smaller in scale, H ~ 2000 km, and has a weaker core magnetic field magnitude, |B| = 45 nT, and 
smaller flux content 40 kWb. Using the timing analysis, it is estimated that FTE 1 and FTE 2 
convect at speeds 100 km/s and 180 km/s, respectively. Electrons and ions are found to remain 
frozen-in throughout the crossings. 
The parallel Tiand perpendicular Ti ion temperature components significantly increase 
inside the FTEs, ∆Ti= +150 eV and ∆Ti= +100 eV. Panel c represents the acceleration terms 
which are boxcar averaged in 2-second intervals. The betatron process, U̇i,2 (green), is the 
dominant acceleration mechanism in this particular event. The contribution by the first order Fermi 
acceleration process (red) is small, U̇i,3 < 0.3 nW/m3, and the acceleration due to parallel electric 
fields (blue), U̇i,1, is shown, in panel c, to be negligible inside and in the environments surrounding 
the two FTEs (e.g., Dahlin et al., 2016). The latter may suggest the absence of reconnection-driven 
dynamics, i.e., parallel electric fields, at the outer layers of the two FTEs. The scalar sum of the 
three acceleration mechanisms U̇tot closely matches that of the betatron process. In particular, 
outside FTEs, U̇i,2 is negative suggesting that ions (E×B) drift toward a region of weakening 
magnetic field, i.e., away from the FTE. Inside the FTE, the magnitude of betatron cooling reduces 
and becomes positive once crossing the FTE’s central axis. The Fermi acceleration is negative on 
the trailing edge of FTE 1, suggesting that the stretched outer magnetic layers at the trailing end 
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of FTE 1 are likely shortening, i.e., reduced curvature. Finally, the acceleration signatures, esp. the 
betatron process, have similar profiles across FTE 1 and FTE 2. However, the betatron process is 
larger in magnitude inside and across the smaller FTE.  
Panels d-h show the ion energy spectra binned based on their pitch angle distribution (PAD) 
with respect to the ambient magnetic field direction. Ion bulk velocity is subtracted from the energy 
spectra. Each PAD bin is 20 degrees in width. At the leading edge of FTE 1, increased low-energy 
(Eion [keV] < 0.2) ion differential energy fluxes are observed at PAD < 20 degrees and 80 < PAD 
< 100 degrees. While plasma density drops inside FTE 1, the ion differential energy fluxes with 
120 < PAD < 140 degrees and 160 < PAD < 180 degrees increase. At 02:21:00 UT, at the trailing 
edge of FTE 1, the parallel ion population completely vanishes and the ion distribution becomes 
predominantly anti-parallel, PAD > 120 degrees. At this point, the spacecraft enter a higher-energy 
(0.2 < Eion [keV] < 2.0) magnetosheath ion population with PAD > 120 degrees. Once encountering 
FTE 2, the energy of the anti-parallel ions is significantly reduced and new parallel and 
perpendicular ion peaks appear, PAD < 100 degrees. After crossing FTE 2, the ion population 
returns to the higher-energy (0.2 < Eion [keV] < 2.0) magnetosheath ion population with PAD > 
120 degrees. 
Panels i-j represent the corresponding phase space density (PSD) cuts inside and outside 
FTE 1 and FTE 2 as a function of ion energy, respectively. The solid lines in panel i and panel j 
are the PSD cut averages outside FTE 1 (02:20:30 - 02:20:35 UT) and FTE 2 (02:21:25.5 - 
02:21:29.5 UT), respectively. The dashed lines in panel i and panel j are the PSD cut averages 
inside FTE 1 (02:20:50 - 02:20:55 UT) and FTE 2 (02:21:24 - 02:21:24.5 UT), respectively. The 
shift in energy from outside to inside the FTEs are shaded for three energy bins (black: [0-20] 
degrees, cyan: [80-100] degrees, and red: [160-180] degrees). The energy shift is, on average, more 
significant in the larger FTE, FTE 1, than FTE 2. The shift in the mid-to-high energy, 0.2 < Eion 
[keV] < 10.0, ions is also found to be, on average, positive from the environments surrounding the 
two FTEs to the inside, suggesting that these ions may have been accelerated inside FTEs. More 
importantly, the above two observations indicate that the peak ion acceleration inside the larger 
FTE is more pronounced than the smaller FTE. This may suggest that the plasma inside the larger 
FTE has been heated for a longer duration, i.e., cumulative effect, than those inside the smaller, 
less-developed FTE.  
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Figure 6-1: Panels include: a) magnetic field magnitude and components in the GSE 
coordinates, b) ion parallel (red) and perpendicular (black) temperature components, c) box-
car averaged (2-seconds) ion acceleration mechanisms, U̇, due to parallel electric fields (Term 
1; blue), betatron acceleration (Term 2; green), and Fermi acceleration (Term 3; red) as well as 
the scalar sum of the three terms shown in black. Ion energy spectra (bulk ion velocity 
subtracted) for pitch angle distributions: d) 0-20 degrees, e) 40-60 degrees, f) 80-100 degrees, 
g) 120-140 degrees, and h) 160-180 degrees. Time-averaged ion energy spectra inside (dashed 
line) and outside (solid line) i) FTE 1, and j) FTE 2 at five PADs. The shaded areas represent 
the shift in ion energy inside and outside each FTE. k) Cartoon schematic of the relative 
orientations, spacecraft trajectory, and the observed (see panel c) magnitudes and directions of 
ion acceleration due to betatron and Fermi acceleration across FTE 1 and FTE 2. The gradient 
and solid color shadings corresponding to the observations made ‘inside’ and ‘outside’ the 
FTEs, respectively. 
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Panel k demonstrates a cartoon illustration of the spacecraft trajectory across FTE 1 & 2. 
The magnitude and the sign of the betatron, U̇i,2, and Fermi, U̇i,3, processes are shown as color 
shades (red: positive and blue: negative). As shown in panel c, our observations indicate that the 
betatron process is larger inside the two FTEs than the Fermi process, therefore, marked in the 
illustration with darker shades. The contribution from the parallel electric fields is negligible in 
this particular event, hence, not included in this cartoon illustration. In addition, as the observations 
suggest, the rate of energization is larger inside and across the smaller FTE. 
 110 
6.3.2 Statistical Study 
Fifty-five quasi-force-free FTEs are selected at the subsolar region within 22 minutes of the 
magnetic noon during two months of MMS passes near the equatorial region, 11/03/2015 — 
12/28/2015. The FTEs are identified based on their helical and flux rope-like structures (e.g.,  
Russell & Elphic, 1978; Akhavan-Tafti et al., 2018). Each FTE is initially modeled as a force-free 
flux rope (Lepping et al., 1990; Akhavan-Tafti et al., 2018) in order to determine the FTE’s 
diameter and the relative distance from its central axis at the closest approach, i.e., impact 
parameter (IP). These information and the high temporal and spatial-resolution MMS fields and 
plasma measurements enabled us to determine the contributions of the plasma acceleration 
mechanisms inside and outside FTEs. Here, the term ‘outside’ refers to the FTEs’ outer perimeters 
in the draping field region surrounding each FTE within 10 local ion inertial lengths, di (Farrugia 
et al., 1988; Akhavan-Tafti et al., 2019). Outside FTEs include field lines in the magnetosheath 
which, in many cases, are in the near reconnection exhaust regions of X-lines that generated the 
FTEs (e.g., Lee & Fu, 1985) or contributed to their growth (e.g., Akhavan-Tafti et al., 2019). As 
shown by Akhavan-Tafti et al. (2019), the electrons and ions remained frozen-in inside the 55 
FTEs further validating the guiding-center limit. 
Figure 6-2 compares averaged cross-sectional profiles of the energization mechanisms, 
including parallel electric fields and betatron and first-order Fermi processes, inside and outside 
FTEs. The observations are further divided between two regions: 1) leading (front) half of the FTE, 
and 2) trailing (rear) half of the FTE. To achieve this, the FTE’s convection direction is determined 
in the spacecraft’s frame of reference (Korotova et al., 2009). For instance, the spacecraft 
encounters the leading edge of the FTE, if v=FTE ∙ n=S/C < 0, where v=FTE and n=S/C represent FTE  
displacement and spacecraft trajectory unit vectors, respectively. IP=0 indicates the central region 
of the FTE and IP=±1 denote the FTE front and rear ‘edges’, beyond which the magnetic field 
connectivity changes and magnetic fields are no longer bound to the structure (Rijnbeek et al., 
1987; C. J. Farrugia et al., 1988, 2016). In order to take into account environmental variability 
between different orbits, all energization terms, U̇i,	x, are normalized by an analytical weight 
(Appendix B), defined as the ratio of the magnitudes of the universal average of U̇i,	x determined 
across 55 independent FTE events and inside each individual event. 
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Figure 6-2: Cross sectional profiles of 
plasma acceleration mechanisms, 
including parallel electric field (U̇1; blue), 
betatron acceleration (U̇2; green), and 
Fermi acceleration (U̇3; red), inside and 
outside the 55 FTEs for a) ions, and b) 
electrons. All data points inside the 55 
FTEs are grouped and averaged inside 
impact parameter bins of bin width (BW: 
IP=0.1). All data points outside the 55 
FTEs are grouped and averaged inside 
bins of BW=1 di. Observations are further 
divided between the leading and trailing 
halves. The error bar denotes the standard 
error inside each individual bin. The 
dashed line represents the universal 
average of each parameter across 55 
FTEs. c) Cartoon illustration of a 
convecting flux rope interacting with the 
surrounding environment, based on the 
observations in panels a and b. 
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The acceleration mechanisms observed inside FTEs and |U̇x| [nW/m3] < 30.0 (more than 90% 
of all observations are within |U̇x| [nW/m3] < 30.0) are binned independently (bin width (BW): 
IP=0.1) and averaged across all 55 FTEs. Observations outside the 55 FTEs are bin-averaged 
(BW=1 di; where di = c ωpi⁄  =	2.28	×	107 (Ni	)-1/2 cm, is the average local ion inertial length and 
is a function of average ion density, Ni, outside each FTE). The error bars indicate the normalized 
variations of parameters inside individual bins and is known as the standard error, σmean ≡ σ √n1
 ; 
where σ and n are the standard deviation and the number of data points in each bin, respectively. 
Plasma energization inside and at the outer layers of FTEs is asymmetric. Panels a and b 
show that the acceleration (or deceleration) of ions and electrons is most significant inside FTEs 
at the leading edge. Ions inside the leading part of the FTEs are, on average, net heated, U̇i,	x> 0, 
parallel (U̇i,	1 = +3.5 nW/m3 and U̇i,	3 = +0.3 nW/m3) to B. The acceleration magnitude inside the 
leading part of the FTEs is nearly 3 times larger than those observed outside, at the leading part of 
the FTE. Ions and electrons are shown to decelerate perpendicular to the ambient magnetosheath 
B at the leading and trailing edges of FTEs.  
Inside FTEs, ions are net-heated parallel to B and net-cooled perpendicular to B, whereas 
electrons experience net parallel and perpendicular heating. Parallel electric fields become the 
dominant energization mechanism at the leading part of the FTE, accelerating both ions and 
electrons parallel to B. The acceleration enhances (and fluctuates) farther away from the FTE’s 
core region, IP=0. Ions are, on average, cooled at the trailing edge of the FTE (U̇i,	1 = -1.7 nW/m3 
and U̇i,	2 = -2.6 nW/m3). Unlike ions, electrons are, on average, accelerated parallel and 
perpendicular to B in the trailing half, U̇e,	3= +0.6 nW/m3 and U̇e,	2= +0.6 nW/m3. The Fermi 
process is found to steadily accelerate electrons inside FTEs. 
Outside FTEs, parallel electric fields remain the most significant of the three energization 
mechanisms. Parallel electric fields accelerate ions and electrons parallel to B at the leading edge 
of subsolar FTEs, while they contribute to parallel cooling of the plasma at the trailing edge of the 
FTE. Outside FTEs at the trailing edge, both ions and electrons are cooled perpendicular to B 
indicating a region of weakening magnetic field intensity. Similarly, the Fermi process is found to 
cool both ions and electrons outside the FTEs, suggesting relaxing field lines, i.e., reduced 
curvature. It is also found that the three energization mechanisms enhance in magnitude farther 
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away from the FTE front and rear edges. 
Panel c provides a cartoon summary of the observations. As the cartoon illustration indicates, 
one possible explanation is that FTEs convecting away from the subsolar region may reconnect 
with the surrounding environment (e.g., Zhou et al., 2017; Akhavan-Tafti et al., 2019; Øieroset et 
al., 2019), therefore, resulting in the formation of strong parallel electric fields which can 
accelerate plasmas (Jan Egedal et al., 2012). The trailing magnetic field lines, on the other hand, 
continue to relax resulting in cooling ions and reduced electron heating.  
We further examine how the rate at which total acceleration, defined as the magnitude of the 
sum of the three acceleration mechanisms, varies as a function of FTE diameter. Figure 6-3a shows 
the change in average total acceleration magnitude as a function of FTE diameter. Here, total 
acceleration magnitudes are averaged inside individual FTEs and plotted with respect to the FTE 
diameter. The solid curves represent power law fits to the data with shaded areas demonstrating 
the 95% confidence interval. The dependence of the total acceleration magnitude as a function of 
the FTE diameter, λ, is measured on average as λ-0.55 for electrons and λ-0.72 for ions. These suggest, 
in agreement with Figure 6-1, that acceleration is most significant inside smaller, and likely 
younger, FTEs. The observations also show that as FTEs grow larger they become more force-free 
(e.g., Taylor, 1986; Akhavan-Tafti et al., 2018) resulting in reduced plasma acceleration. Another 
likely contributing factor to the observed decline in average heating with FTE diameter may be 
the reduced gradient scale length (i.e., ∇ ∝	1/λ). 
Total acceleration is reduced with increasing FTE diameter; however, FTE growth 
continuously accelerates plasmas inside FTEs resulting in higher energy budget than ions and 
electrons observed inside smaller FTEs. The table on the right hand corner of Figure 6-3a further 
summarizes the coefficients a and b for power-law fits for individual electron (grey) and ion (red) 
acceleration terms as a function of the FTE diameter, U̇ = a λ b. The values are bin-averaged across 
all 55 FTEs. In particular, plasma heating by parallel electric fields decreases slowly compared to 
the betatron and Fermi processes. Fermi acceleration is found to drop fastest, b = -1.13,  with 
increasing FTE diameter. 
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6.4 Discussion and Conclusions 
In this letter, we have investigated the contributions of parallel electric fields, betatron, and 
first-order Fermi processes to plasma acceleration and heating inside FTEs and in the surrounding 
environments. 
First, the MMS plasma and fields measurements are investigated inside a system of two 
neighboring FTEs with different scale sizes. It is also observed that the betatron process reverses 
near the FTE’s central axis suggesting that ions are decelerated on one side of the FTE, while 
accelerated on the other side of the FTE, therefore, conserving total energy. As illustrated in Figure 
6-3b, two scenarios may explain this observation:  
1. The interaction of FTE-type flux ropes with the surrounding magnetosheath environment 
(e.g., Slavin et al., 2003; Fu et al., 2011; Zhu et al., 2019), and/or  
2. Reconnection-driven interaction with the surrounding environment (e.g., Lapenta et al., 
2016), including FTE coalescence (e.g., Wang et al., 2016a; Zhou et al., 2017), and the 
associated parallel electric fields (e.g., Schindler et al., 1988; Ergun et al., 2017).  
In both scenarios, the field lines at the impacted edge of the FTE will be compressed, while the 
field lines in the opposite edge expand adiabatically (Akhavan-Tafti et al., 2019). Therefore, in 
order to conserve the first adiabatic invariant K, the plasmas in the region of compressing field 
lines, i.e., enhanced ∇B (e.g., Øieroset et al., 2019), will gain energy while the plasma population 
in the region of expanding field lines, i.e., weakening B and ∇B, will have reduced total energy. 
One possible consequence of this local betatron reversal is the energy (e.g., Matsui et al., 2019) 
and/or distribution bifurcation (e.g., Artemyev et al., 2014; Zhu et al., 2019) of the differential 
energy flux of the seed plasma population, wherein part of the seed plasma population is 
accelerated while others decelerate. 
Next, we determine the average contributions of the acceleration processes inside an ensemble 
of 55 subsolar, quasi-force free FTEs including the region at their outer perimeters. This region 
just outside of the FTEs in the magnetosheath is important because, in many cases, it is in the near-




Figure 6-3: a) Ion (red) and electron (black) 
total acceleration magnitudes as a function 
of FTE diameter across the 55 FTEs. The 
circles indicate the bin-averaged (BW = 500 
km) values of total acceleration. The table 
represents the dependence of bin-averaged 
acceleration mechanisms as a function of 
FTE diameter for both electrons (grey) and 
ions (red), and b) Cartoon illustrations of 
two potential scenarios to explain the 
observed reversal in plasma acceleration 
near the FTE’s central axis. The shading 
suggests the magnitude and the direction of 
plasma acceleration wherein red and blue 
indicate positive and negative values, 
respectively. The dashed lines represent a 




Our results show that plasma energization inside and at the outer layers of FTEs is found to be 
asymmetric. It is further shown that: 
I. Ions and electrons are, on average, net heated, U̇ > 0, inside and just outside FTEs. We find 
that, on average, parallel electric fields are the dominant heating mechanism (70 - 90% of 
U̇tot) for both ions and electrons, at the leading half of FTEs, in agreement with the kinetic 
simulation runs by Egedal et al. (2012) and Zhou et al. (2018). At the leading part of the 
structure, ions and electrons gain further parallel energy via the Fermi process.  
As listed in the table in Figure 6-3a, electron heating due to Fermi acceleration is 
negligible. In contrast, ion heating due to the Fermi process is significant at small FTE 
scales, though it decreases sharply with increasing FTE diameter. The betatron heating of 
ions is dominant at small FTE scales. These results and the observed dominant plasma 
heating by parallel electric fields may indicate the occurrence of secondary reconnection, 
including FTE coalescence, inside and/or between neighboring FTEs (e.g., Fermo et al., 
2011; Wang et al., 2016; Zhou et al., 2017). 
II. Inside FTEs, at the leading edge of FTEs, ions and electrons are preferentially accelerated 
parallel to B (e.g., Shay et al., 2014), farther away from the FTE’s central axis, where |B| 
is reduced. Plasma energization drops by ~75% across the FTE’s leading boundary. At the 
trailing part of FTEs, ions are cooled mainly by the betatron process and the electron net 
heating is reduced.  
III. Outside FTEs, at the leading edge of FTEs, ions and electrons are accelerated parallel to B 
by parallel electric fields. Ions are shown to gain, on average, 30% more energy than 
electrons from parallel electric fields (Pritchett, 2008; Haggerty et al., 2015). At the trailing 
edge of the FTEs, both ions and electrons are cooled perpendicular to B, indicating a region 
of relaxing field topology. 
IV. MMS observations suggest that acceleration mechanisms are enhanced farther away from 
the FTEs’ outer edge. This  suggests: 
a. Farther away from the FTE edge, most likely nearer to the reconnection X-line(s) 
(e.g., Dahlin et al., 2015; Fu et al., 2019), parallel electric fields and magnetic field 
gradients are most effective in plasma acceleration (see Figure 8 in Zhou et al., 
 117 
2018), and/or 
b. Force-free FTEs may slow down the rate at which plasmas are accelerated in the 
reconnection exhaust (e.g., Taylor, 1974). As FTEs grow, they seek to reach a lower 
energy state by re-arranging magnetic field lines. At lower magnetic energy-state, 
the trapped plasma population will experience small acceleration compared to the 
plasmas at the outer boundaries of FTEs near the reconnection exhaust. 
V. Statistical analysis of the MMS observations show that the magnitude of the total ion 
acceleration inside FTEs is proportional to  λ-0.7. However, energetic ions are more often 
observed inside FTEs of larger diameter. These results suggest that the plasmas inside 
smaller FTEs are continuously accelerated while the FTEs grow. Even though, the rate at 
which plasmas are accelerated slows down inside larger FTEs, the total plasma energy 
budget continues to increase with time, resulting in increased differential flux of energetic 
ions (e.g., 0.2 < Eion [keV] < 10.0) inside FTEs. Similar long-lasting, evolutionary 
processes may also contribute to the generation of energetic plasmas observed in other 
plasma environments (e.g., Ji et al., 1998; Milan et al., 2000; Øieroset et al., 2002; Lin et 
al., 2003; Angelopoulos et al., 2008; Dewey et al., 2017; Fu et al., 2019). 
The present study focuses on the contributions of parallel electric fields, betatron, and first-
order Fermi processes to plasma acceleration and heating inside FTEs and in the surrounding 
environments. Future studies will further include other key terms such as polarization drift 
associated with ion acceleration across reconnecting fields with a shear angle (e.g., Kleva et al., 
1995; Pritchett & Coroniti, 2004; Eastwood et al., 2018) and ion inertial drift (e.g., Drake et al., 
2009; Phan et al., 2014; Haggerty et al., 2015). Global simulations are also essential in 
understanding the FTE evolution and its role in magnetosheath heating (e.g., Chen et al., 2017; 











Chapter 7: Comparative Analysis of the Vlasiator Simulations and MMS Observations of 
Multiple X-Line Reconnection and Flux Transfer Events 
 
This Chapter is adopted from Akhavan-Tafti, M., Palmroth, M., Slavin, J. A., Battarbee, 
M., Ganse, U., Grandin, M., Le, G., Gershman, D. J., Eastwood, J. P., Stawarz, J. E., Comparative 
Analysis of the Vlasiator Simulations and MMS Observations of Multiple X-Line Reconnection 
and Flux Transfer Events, submitted to the Journal of Geophysical Research: Space Physics. 
 
7.1 Introduction 
Akhavan-Tafti et al. (2019) classified FTE growth mechanisms into two main categories: 
1) FTE growth via adiabatic expansion due to decreasing external pressure away from the 
reconnection region, and 2) magnetic reconnection. In the latter category, FTE growth occurs via 
continuous supply of magnetic flux and plasma to the outer layers of FTEs by reconnection at 
adjacent X-lines and/or coalescence with the neighboring FTEs.  
Figure 7-1 shows a magnetic island which is a 2D projection of a flux rope generated due 
to primary multiple X-lines reconnection. The magnetic island can grow via continuous 
reconnection (Akhavan-Tafti et al., 2019) at adjacent X-lines. The X-lines at the two ends of the 
magnetic island are represented as ion diffusion regions (IDR). Inside IDR, inflowing ions (Vin; 
green arrows) are demagnetized and accelerated outward as perpendicular jets (solid red arrows) 
and field-aligned currents (FACs; red-stroke arrows). The electron diffusion region (EDR), not 
shown here, is located inside the IDR (Burch et al., 2016). Electrons become demagnetized inside 
the EDR before becoming energized by the reconnection’s magnetic-to-kinetic energy conversion. 
At the subsolar magnetopause, where FTEs are likely generated (e.g., Lee & Fu, 1985; 
Akhavan-Tafti et al., 2018), the magnetic field strength and plasma properties of reconnecting field 
lines are asymmetric across the X-line. Theory and observations have linked this asymmetry to 
non-Maxwellian anisotropic ion and electron velocity distribution functions (VDFs) in the inflow 
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and outflow regions (e.g., Egedal et al., 2011; Hesse et al., 2014; Bessho et al., 2016; Burch et al., 
2016).  
Sharp spatial gradients, sub-gyro-period temporal variations, or sources and sinks in phase 
space can give rise to non-gyrotropic distribution functions. Gyrotropy is a measure of a 
distribution function's weighted average of variances of velocities perpendicular to the local field 
direction (Swisdak, 2016; Che et al., 2018). Non-gyrotropic plasma populations depend on gyro-
phase angle and, therefore, they are not in thermal equilibrium. They carry excess energy and may 
excite unstable waves (e.g., Motschmann et al., 1999). Crescent-shaped VDFs are a class of non-
gyrotropic plasma distributions. They are indicative of the reconnection diffusion region and are 
often observed in spacecraft measurements (Nagai et al., 2015; Burch et al., 2016) and simulations 
(e.g., Hesse et al., 2014; Bessho et al., 2016).  
Magnetic islands, which are, to a first-order approximation, two-dimensional projections 
of flux ropes, can grow due to magnetic reconnection (e.g., Akhavan-Tafti et al., 2019). 
Simulations and observations have also indicated that the cross section of a magnetic island can 
be reduced due to reconnection (e.g., Øieroset et al., 2011; Hiroshi Hasegawa et al., 2016). The 
role of reconnection in determining magnetic island dynamics can be divided into four main 








Figure 7-1: Two dimensional schematics of ion flows in a typical FTE forming due to multiple 
X-line reconnection. Field-aligned currents (FACs; white-red arrows) are generated due to 
reconnection. Inflowing ions (Vin; green arrow) are also accelerated inside the ion diffusion region 
(IDR) perpendicular to the magnetic field (Vout; red arrow) downstream of an X-line. The 
reconnecting field lines, i.e., separatrix, are shown as dashed lines. 
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Figure 7-2 represents schematics of the four categories. Individual magnetic islands are 
represented with concentric circles. The last reconnected-field lines are depicted with bold solid 
lines and the newly-reconnecting field lines, i.e., magnetic separatrix, are shown with dashed lines. 
The solid and hollow arrows determine the convection speed flowing into and out of the 
reconnection site, respectively. 
In the first category, labelled as Q1, two magnetic islands coalesce. The two neighboring 
islands merge and create one island whose area, A, is larger than either of the two islands. 
However, reconnection at the outer layers of the two merging islands will reduce the overall 
magnetic flux, L. Therefore, the resulting magnetic island has a larger cross section (Aproduct > A2, 
A1) and contains equal or greater magnetic flux (Lproduct = Llarger island > Lsmaller island in the two-
dimensional case and Lproduct > Llarger island > Lsmaller island in three-dimensional coalescing flux ropes 
with a shear angle) than at least one of the two original islands (cf. Figure 1 in Chapter 5). The 
second category, Q2, involves island growth due to continuous reconnection at the adjacent X-
lines. Here, the continuous supply of magnetic flux to the outer layers of the magnetic island 
enlarges the structure, both in terms of magnetic flux and area (∆L> 0 and ∆A> 0).  
In the other two categories, the overall cross-sectional area of the magnetic island is 
reduced over time, due to magnetic reconnection. In these categories, magnetic reconnection either 
peels off the outer most layers of a magnetic island, called ‘erosion,’ Q3, or it divides a magnetic 
island into two smaller magnetic islands, known as ‘division,’ Q4 (e.g., Øieroset et al., 2011; 
Hiroshi Hasegawa et al., 2016). In both cases, the area of the original magnetic island(s) decreases 
with time. For instance, during the coalescence process, the smaller island will be eroded by the 
larger of the two merging islands. Similar processes are also reported in the magnetotail wherein 
an earthward-moving flux rope is eroded when interacting with the geomagnetic field (e.g., Lu et 
al., 2015; Man et al., 2018; Poh et al., 2019). 
Theory and simulation have attempted to determine the dynamics of magnetic islands that 
are generated by multiple X-lines reconnection (e.g., Daughton et al., 2009; Dorelli & 
Bhattacharjee, 2009; Fermo et al., 2010; Uzdensky et al., 2010). In particular, it is essential to 
understand how these islands develop from birth at small spatial scales to macroscale objects. In 
practice, simulating long current layers inside which magnetic islands are generated has proven 
computationally expensive. Global fluid simulations (e.g., Raeder, 2006; Dorelli & Bhattacharjee, 
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2009) have successfully resolved these large spatial scales. However, until recently (Y. Chen et al., 
2017), these simulations were not capable of capturing the small-scale physics of reconnection and 
island formation. Global hybrid-Vlasov simulations of the magnetopause have also demonstrated 
the small-scale physics of magnetic island formation and growth (e.g., Hoilijoki et al., 2017). 
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Figure 7-2: Schematic of magnetic island dynamics driven by magnetic reconnection. 
The enclosed area, A, inside magnetic islands increases due to coalescence and 
continuous reconnection at adjacent X-lines. The island’s magnetic flux content, ψ, 
changes due to magnetic reconnection. The arrows indicate island convection flows, 
wherein the inflow is shown in black solid arrows and the outflows are presented as 
white arrows. Last reconnected field lines are indicated as bold solid lines. The dashed 
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In the context of FTE growth, the correlation between the observed normalized 
reconnection rate and the change in an FTE’s magnetic flux content is essential in understanding 
the rate at which FTEs grow from micro-scale (Eastwood et al., 2016; Akhavan-Tafti et al., 2018) 
to macro-scale (e.g., Walker & Russell, 1985; Eastwood et al., 2012; Imber et al., 2014; Jasinski 
et al., 2016) due to reconnection. Normalized reconnection rate is defined as the electric field 
pointing out of the reconnection plane that drives the reconnection normalized to the reconnecting 
magnetic field and the local Alfvén speed. However, the normalized reconnection rate from in-situ 
observations cannot determine the rate at which magnetic flux is reconnected globally. The global 
normalized rate of reconnection is approximately 0.1 (e.g., Cassak et al., 2017) and in-situ 
magnetospheric observations of magnetic reconnection have reported reconnection rates up to 0.2 
(e.g., Mozer et al., 2002; Fuselier et al., 2005; Phan et al., 2007; Slavin et al., 2009; Chen et al., 
2017; Genestreti et al., 2018), consistent with theory (Cassak & Shay, 2007; Liu et al., 2017). 
In the present study, we take advantage of the hybrid-Vlasov code Vlasiator to study the 
evolution  of magnetic islands at the magnetopause. First, the ion kinetics inside and around two 
adjacent X-points are investigated. A first X-point is selected to demonstrate ion dynamics at a 
typical magnetopause reconnection. Another X-point is located in the vicinity and in the 
downstream of the first X-point. The second X-point demonstrates the ion dynamics in the vicinity 
of an X-point sandwiched between two magnetic islands. Velocity distribution functions are 
compared between the two X-points. Next, all magnetic islands, defined as a bundle of magnetic 
flux function, i.e., ‘O-point,’ positioned between two saddle points, i.e., ‘X-points’, are 
automatically identified with an algorithm. The identified islands are then grouped into four main 
quadrants based on their temporal change in enclosed magnetic flux and cross-sectional area, as 
discussed in Figure 7-2. The algorithm also tracks individual islands to determine the rate of 
reconnection at each individual dominant X-point. The temporal evolution of magnetic islands’ 
enclosed flux and cross sectional area is further investigated to estimate the rate of FTE growth at 
the magnetopause. Lastly, the Vlasiator simulation results are compared with high-temporal and 
spatial-resolution magnetic and plasma measurements of an FTE at the magnetopause. It is 
concluded that, i) Vlasiator resolves the ion kinetics at and in the vicinity of X-points, as previously 
predicted (e.g., Hesse et al., 2014) and observationally supported (e.g., Burch et al., 2016; Wang 
et al., 2016), and ii) the global magnetospheric Vlasiator simulations confirm that the recently-
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7.2.1 Global Hybrid-Vlasov Simulation Code Vlasiator 
The hybrid-Vlasov code Vlasiator (http://www.helsinki.fi/en/researchgroups/vlasiator) has 
been developed to investigate global magnetospheric dynamics at ion scales (Von Alfthan et al., 
2014; Palmroth et al., 2018). Vlasiator solves the Vlasov equation, evolving ions (protons) as 
distribution functions in three velocity-space dimensions, tracked on a cartesian grid. Electrons are 
treated as a cold massless charge-neutralizing fluid, and closure is provided by the generalized 
Ohm's law including the Hall term. The simulation used in this study is two-dimensional in real 
space and three-dimensional in velocity space (Palmroth et al., 2013; Palmroth et al., 2017; 
Hoilijoki et al., 2017; Jarvinen et al., 2018; Juusola, Hoilijoki, et al., 2018; Juusola, Pfau-Kempf, 
et al., 2018). 
The simulation domain extends within -94 RE < X < +48 RE and -56 RE < Z < +56 RE in 
the z-direction, where RE = 6371 km is the Earth's radius. The geocentric solar ecliptic (GSE) 
coordinates are used in which X points sunward, Y points opposite Earth's motion about the Sun, 
and Z points normal to the ecliptic plane. The inner boundary with a radius of 5 RE is modelled as 
an ideal conducting sphere. Due to the two-dimensional nature of the simulation in the ordinary 
space, the dipole field is implemented as a 2-D line-dipole with a strength resulting in a realistic 
magnetopause standoff distance (Daldorff et al., 2014). The simulation initialization process 
involves distributing plasma with a stationary Maxwellian distribution within the simulation 
domain’s inner boundary. 
We model a steady solar wind inflow at the +x boundary, with a fast solar wind of v [km/s] 
= -750 x=, a density of nsw=1 cm-3, a proton temperature of Tp = 0.5 MK, and a purely southward 
IMF of magnitude 5 nT. The fast solar wind is intended to speed up the initialization of the 
simulation run. The spatial grid resolution is 300 km in each direction and the velocity space grid 
is 30 km/s in each direction. Despite not resolving the ion inertial length (~200 km at the 
magnetopause under the stated upstream conditions), kinetic effects at the Earth’s bow shock are 
captured in the Vlasiator’s simulation grid (Pfau-Kempf et al., 2018). The simulation is carried out 
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for 2150 seconds of simulation time. The analysis provided in this study only includes the final 
1050 seconds of the simulation run. 
 
7.2.2 Observational Instrumentation:  
The four identical MMS spacecraft were launched in 2015 and are designed to unravel the 
physics of magnetic reconnection (Burch & Phan, 2016). The high temporal and spatial plasma 
measurements (Fast Plasma Investigation (FPI); Pollock et al., 2016) provide three-dimensional 
electron and ion distributions. Plasma moments are constructed from all-sky FPI electron and ion 
distributions at 30 ms and 150 ms cadence, respectively. The fields instrument suites (Torbert, 
Russell, et al., 2016) including the fluxgate magnetometers (FGM; Russell et al., 2016) and the 
electric dual probes (EDP) (Ergun et al., 2016; Lindqvist et al., 2016; Torbert, Russell, et al., 2016) 
are used for magnetic and electric field measurements. Multi-point analysis techniques (Harvey, 
1998) are used to determine spatial gradients in fields and plasma measurements. The spacecraft 
separation was, on average, 10 km for our events (Phase 1a; Burch, Moore, et al., 2016). 
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7.3 Results 
7.3.1 Hybrid-Vlasov Simulation Results 
7.3.1.1 Vlasiator Case Studies 
As Vlasiator simulations operate directly on a mesh-based representation of 6D phase 
space, velocity space plots are taken straight from the instantaneous simulation state. The VDF 
plots are constructed within a single simulation grid cell at each individual timestep. The VDF 
plots presented here show re-binned slices of velocity space in the local magnetic frames, with the 
local plasma bulk velocity subtracted, identical to the MMS spacecraft measurements.  
Due to the sparse velocity space representation in Vlasiator (von Alfthan et al., 2014), cells 
with a phase space density of less than 10-15 s3 m-6 are dropped from the simulation, except when 
neighbouring denser regions are present. Dropped regions are displayed as empty areas in the VDF 
plots. 
Two virtual passes across a magnetic island (diameter ~ 1 RE) in the northern hemisphere 
magnetosheath are displayed in Figure 7-3 and Figure 7-4. The magnetic island is embedded within 
the exhaust region south of an X-point (labeled herein as ‘Northern X-point’). Both the island and 
the northern X-point are located in the exhaust region of a subsequent X-point, the ‘Southern X-
point.’ The Southern X-point does not reconnect all of the magnetic flux that reconnects at the 
Northern X-point. 
The panels include: a) a Vlasiator simulation plot in which the contours indicate the 
magnetic flux function and the colormap shows the component of electric field in the XGSE 
direction, Ex, and the red dashed line indicates a virtual spacecraft trajectory, b) the profile of Ex 
along the virtual spacecraft moving direction, and c) velocity distribution functions (VDFs) sliced 
in the VB - VB×V (left column) and VB×V - VB×(B×V) (right column) planes, where VB represents 
the velocity along the magnetic field orientation, VB×V and VB×(B×V), respectively, along (B × V) 
and B × (B × V) directions, where V is the ion bulk velocity. The VDFs correspond to the local 
extrema in the one-dimensional Ex profile of panel b and are identified with numbers 1-5. 
The trajectory at the southern edge of the island, in Figure 7-3, demonstrates signatures 
that are of a nominal magnetosheath X-point. There exists a local minimum along the Ex line 
profile on the magnetospheric side of the X-point, labeled as ‘1.’ The corresponding VB - VB×V 
VDF shows an intense and uniform core cold ion population, VB < 250 km/s, due to the hot solar 
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wind inflow. At this extremum, a bi-directional ‘butterfly’ distribution of higher-energy ions, VB×V 
>250 km/s, starts to form.  
A perpendicular crescent-shaped ion distribution is identified coinciding with the local Ex 
minimum on the magnetospheric side of the X-point. Closer to the separatrix, where Ex reaches a 
maximum, both the butterfly- and crescent-shaped distributions of the higher-energy ions, VB×V > 
250 km/s, become clearer. At extrema ‘3’ and ‘4’, the spacecraft crosses the reconnecting current 
sheet inside which Ex sharply changes direction and fluctuates between 6 mV/m and -5 mV/m. 
Inside the current sheet, the VDFs retain some structure, though the ions are largely diffused, i.e., 
heated. Finally, at ‘5,’ symmetric higher energies, VB×V >250 km/s, ion population peaks are 
detected in all four quadrants. We also find ions with velocities VB×V > 500 km/s to appear non-
gyrotropic.  
The trajectory across the northern side of the magnetic island is demonstrated in Figure 7-
4. The most significant difference between the northern and southern trajectories is the 
environments in which the X-points are located. In contrast to the southern X-point, which is 
located near subsolar magnetopause, the northern X-point is positioned between two northward-
propagating islands.  
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Figure 7-3: Vlasiator electric field profile and ion velocity distribution functions across a nominal magnetopause X-point. The panels 
include: a) Simulation frame of a magnetic island located in the northern hemisphere. The contours represent the XZ-plane magnetic 
field and the color bar shows the magnitude and the direction of electric field along XGSM. The red dashed line denotes a virtual spacecraft 
outbound trajectory through the X-point. b) One-dimensional Ex profile along the virtual spacecraft’s trajectory. The local extrema 
(except #2 & 5) are selected and labeled as ‘1’-‘5’. c) VDF cuts at the five selected Ex values in VB - VB×V	(left column) and VB×V - 
VB×(B×V) (right column) diagrams, where VB represents the velocity along the magnetic field orientation. VB×V and VB×(B×V) are along 
(B × V) and B × (B × V) directions, respectively, where V is the ion bulk velocity. 
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Figure 7-4: Vlasiator electric field profile and ion velocity distribution functions across an X-point located between two magnetic 
islands. The panels include: a) Simulation frame of a magnetic island located in the northern hemisphere. The contours represent the 
XZ-plane magnetic field and the color bar shows the magnitude and the direction of electric field along XGSM. The red dashed line 
denotes a virtual spacecraft outbound trajectory through the X-point. b) One-dimensional Ex profile along the virtual spacecraft’s 
trajectory. Five extrema are selected and labeled as ‘1’-‘5’. c) VDF cuts at the five Ex extrema in VB - VB×V	(left column) and VB×V - 
VB×(B×V) (right column) diagrams, where VB represents the velocity along the magnetic field orientation. VB×V and VB×(B×V) are along 
(B × V) and B × (B × V) directions, respectively, where V is the ion bulk velocity. 
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At extremum ‘1,’ on the magnetospheric side of the northern X-point, an anti-parallel 
intense cold ion beam, VB < 250 km/s, and a high-energy,	VB×V > 250 km/s, butterfly ion 
distribution are found. Compared to the VDFs on the magnetospheric side of the southern X-point 
discussed above, the core ion population is off center, i.e., anti-parallel to B, and the butterfly 
distribution is diffused suggesting the presence of significant heating. This may also be due to the 
fact that the virtual spacecraft location is farther away from the southern X-point. A crescent-
shaped ion distribution is also formed at the magnetospheric Ex extremum ‘1’. Closer to the 
separatrix, on the magnetospheric side, a parallel D-shaped ion distribution is observed. D-shaped 
ion VDFs are often observed in the reconnection exhaust region (e.g., Cowley, 1995; Phan et al., 
2004). The parallel D-shaped ion distribution indicates that the northern X-point is located within 
and is influenced by the southern X-point’s outflow exhaust. While in the reconnecting current 
sheet, at extrema ‘3’ & ‘4’, the VDFs transition from magnetospheric-type into magnetosheath-
type as suggested by the high abundance of energetic ions, VB×V > 500 km/s. Farther away from 
the magnetopause, in the extremum ‘5’ in the magnetosheath side of the X-point, parallel ion 
crescent-shaped-like distribution and non-gyrotropic perpendicular ions are identified. 
The presence of magnetic islands near the northern X-point may impact the rate at which 
field lines enter the diffusion region. This can be done via: 1) building-up pressure in the 
reconnection exhaust, i.e., inside islands, and/or 2) thickening the current sheet layer within which 
the islands propagate. The latter can result in increasing magnetic field tension along the highly-
bent reconnecting field lines, therefore, introducing stress against the inflow flux. Figure 7-5 shows 
the rates of reconnection at the northern and southern X-points as a function of simulation time. 
The same two X-points, i.e., saddle points in the magnetic flux function, are tracked between 
simulation frames and their reconnection rates are determined at each time frame, similar to 
Hoilijoki et al. (2017). The normalized reconnection rate here is defined as the out-of-plane electric 
field component, Ey, at the X-point, normalized by the inflow plasma Alfvén speed, vAi, and 
magnetic field magnitude, B, given thus as, 
ℛ	=	Ey	x-point	vAi-1 	B-1 
where the inflow values are gathered from the simulation just upstream of the X-point. The 
out-of-plane component of the electric field, Ey, are offset (Ey x-point = Ey + VX-point × B) by the 
convection term, E = - VX-point × B, where VX-point refers to the X-point’s convection speed at the 
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magnetopause. VX-point is calculated by 
assuming the instantaneous plasma bulk 
velocity to describe the motion of the X-point 
in space. In order to smooth out the 
normalization impact of magnetosheath 
fluctuations such as mirror modes, visible in B 
and vAi signatures (not shown here), the inflow 
values are averaged over 5 consecutive 
simulation cells in the radial direction, at least 
1 RE outwards from each X-point. Consistent 
with the latest kinetic predictions (e.g., Y.-H. 
Liu et al., 2017), it is discovered that 
normalized reconnection rate can surpass the 
magnetohydrodynamic (MHD) threshold 
normalized reconnection rate of 0.1 (Cassak et 
al., 2017). It is further revealed that the 
normalized reconnection rate at the older, 
northern X-point, which is located in the exhaust region of a newly-formed X-point and 
sandwiched between two islands is larger than the newly-formed, southern X-point. In addition, 
the normalized reconnection rate at the northern X-point increases with time while the normalized 
reconnection rate slowly decreases at the southern X-point. 
Figure 7-5: Temporal profile of the normalized 
reconnection rate, ℛ = Ey x-point	vAi-1 	B-1, at the 
northern (solid black line) and southern (solid 
green line) X-points, in the reference frame of 
the X-points. The vertical grey line indicates the 

























7.3.2 Statistical Analysis 
Magnetic islands within the simulation are identified by searching for maxima and saddle 
points of the magnetic flux function (Yeates & Hornig, 2011; Hoilijoki et al., 2017). A magnetic 
island is defined as encapsulated loops of magnetic field lines, identified as a local maximum of 
the magnetic flux function (an ‘O-point’) positioned between two saddle points (‘X-points’). In 
other words, we require magnetic islands to be bounded by at least two X-points (Hoilijoki et al., 
2019). Figure 7-6a illustrates an example simulation timeframe of the dayside magnetosphere in 
which the ‘X’-points and ‘O’-points are automatically identified with an algorithm. The algorithm 
is also capable of determining the magnetic flux, ψ, and the cross-sectional area, A, for the 
magnetic islands. The algorithm can further track the merging of islands, the process known as 
coalescence, and can distinguish X-points within the islands. We focus on subsolar magnetic 
islands, tracking only those where the island O-point is within polar angle, |#| < 30 degrees from 
the XGSE-axis. 
Magnetic islands are categorized based on the relative significance of the X-points and the 
O-points. For each island, i.e., O-point, the two dominant X-points are defined as the two saddle 
points with lowest flux function value, i.e., which have reconnected the most. O-points of an island, 
defined as a local maxima in the magnetic flux function, are located between two dominant X-
points. The dominant O-point is defined as the O-point with the highest flux function value. There 
may exist additional X-points between two dominant X-points indicating the presence of interior 
islands within the dominant structure. Similar structures have been postulated (e.g., Fermo et al., 
2011) and were recently observed by MMS (e.g., Hwang et al., 2018). Additionally, the relative 
location of dominant O-points and X-points are tracked between simulation frames. This enabled 
the identification of island coalescence events in which two neighboring O-points merge to create 
one larger island. During this process, the innermost of three dominant X-points describing two 
islands becomes a non-dominant inner X-point. The coalescence process is of great practical 
significance, hence, it has been the subject of numerous theoretical (e.g., Pritchett & Wu, 1979), 
experimental (e.g., Yamada et al., 1990), and observational (e.g., Wang et al., 2016; Zhao et al., 
2016; Zhou et al., 2017) studies.  
Table 7-1 summarizes the distribution of the two-dimensional magnetic islands identified 
at the magnetopause. A total of 4786 magnetic islands, defined as an O-point positioned between 
two X-points, are independently identified in one simulation run at different locations (|#| < 30 
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degrees) and different timeframes. This approach is different from Hoilijoki et al. (2019), wherein 
individual magnetic islands were tracked across all timeframes. The O-points are divided by the 
algorithm into four main categories depending on their structure and evolution: 1) ‘2 X-points’ 
wherein reconnection at two dominant X-points forms a magnetic island, 2) ‘>2 X-points’ in which 
reconnection at two dominant X-points forms an O-point inside which multiple smaller O-points 
and one or more additional X-points exist, 3) ‘Coalescence’ which describes the merging of two 
independent O-points during which three dominant X-points, i.e., ‘>2 X-points,’ are reduced to 
two dominant X-points, and 4) ‘Division’ which describes the process through which one O-point 
is divided into two independent magnetic islands, therefore, two dominant X-points become three 
dominant X-points. The categories 3 and 4 are subcategories of the categories 2 and 1, respectively. 
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Table 7-1: The number of islands included in this study (4786) partitioned into four main 
categories depending on their structure and evolution. 
Quadrants b 














(∆A> 0 & ∆ψ< 0) 
205 40 4 15 
Q2 
(∆A> 0 & ∆ψ> 0) 
1716 c 888 23 72 
Q3 
(∆A< 0 & ∆ψ< 0) 
406 46 24 12 
Q4 
(∆A< 0 & ∆ψ> 0) 
477 191 15 4 
∆A= 0 or ∆ψ= 0 669 42 0 3 
Total 3473 1207 66 106 
a The four categories include: 1) ‘2 X-points’ wherein reconnection at two dominant X-points 
forms a magnetic island, 2) ‘>2 X-points’ in which reconnection at two dominant X-points forms 
a magnetic island inside which multiple smaller islands and X-points exist, 3) ‘Coalescence’ which 
describes the merging of two independent magnetic islands during which three dominant X-points 
are reduced to two dominant X-points, and 4) ‘Division’ which describes the process through 
which one magnetic island is divided into two independent magnetic islands, therefore, two 
dominant X-points become three dominant X-points.  
b The structures are further divided into based on their evolution, describing the change in 
individual magnetic island’s magnetic flux, ∆ψ, and area, ∆A. 
c The shade of red indicates the relative magnitude of each cell compared to the column’s total 
counts (bottom row), with bright red signifying the largest value. 
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In this part of the study, we focus on the evolution of magnetic islands. In particular, we 
are interested in reconnection-associated processes that contribute to a change in an O-point’s 
dimensions and/or flux content between two consecutive timeframes. This is achieved by 
identifying all O-points in a given simulation timeframe, independent of other timeframes, and 
tracking the identified O-points in a subsequent timeframe to study the change in dimensions 
and/or flux content between timeframes. In practice, the evolution of an island through its lifetime 
can involve a multitude of the above mechanisms. However, for the purposes of this study, only 
the evolution processes between two consecutive timeframes are considered. The O-points are split 
into four main quadrants, Q1-4, based on the temporal change in magnetic flux content, ∆ψ, and 
cross-sectional area, ∆A, as described in Figure 7-2. To achieve this, the flux content and the cross-
sectional area of magnetic islands in each simulation frame are compared with the previous frame 
(or subsequent frame; in the case of island ‘division’). There remains a sub-population of islands 
whose cross-sectional area does not change between two consecutive time frames. The islands in 
which the magnetic flux content and/or the cross-sectional area does not change between 
simulation frames are separated from the four quadrants and listed in the table as 
(∆A= 0 and/or ∆ψ= 0). Our observations include: 
1. Continuous reconnection at adjacent dominant X-points supplies additional magnetic flux, 
∆ψ> 0, to the outer layers of the majority of ‘uniform’ magnetic islands, defined as islands 
with no substructure, (Category 1, Q2 & Q4; 2193/3473 ~ 60%), and those with 
substructure (Category 2, Q2 & Q4; 1079/1207 ~ 90%). The sizes of these islands also 
increase, (∆A> 0; Q1 & Q2), in nearly 60 and 80 percent of islands in Categories 1 and 2, 
respectively. 
2. Nearly 20% of islands with substructure (Category 2) exhibit simultaneous increase of 
magnetic flux content and reduction of cross-sectional area, ∆A< 0 (Q4).  
3. The coalescence process, Category 3, is more complex. In 40% of the cases (Q1 & Q2), it 
involves the growth of the total enclosed area (∆A> 0, Acoalescence > Apre, 1 & Apre, 2, where 
Acoalescence, Apre, 1, and Apre, 2 represent cross sectional areas of islands after and before the 
coalescence process, respectively). Similarly, 40% of the islands are found to ‘erode’ when 
coalescing with larger islands, ∆A< 0 & ∆ψ< 0 (Q3).  
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4. Magnetic island division, Category 4, involves the splitting of one magnetic island into two 
smaller islands (and in one case, three islands). The likelihood of identifying island division 
events is nearly twice that of island coalescence events suggesting that the division of 
magnetic islands is more common than coalescence (e.g., Øieroset et al., 2011, 2019).  
5. Magnetic flux and area of dividing islands are found to increase (∆A> 0 & ∆ψ> 0) in the 
majority of cases, in contrary to the proposed classification in Figure 7-2. Similarly, 
magnetic flux is found to increase in more than 50% of the coalescing islands. Island area 
decreases in nearly 60% of the coalescing islands. As discussed above, when coalescing, 
the minor island erodes (∆A< 0 & ∆ψ< 0), contributing to the growth, in both area and 
magnetic flux content, of the larger island. 
6. Most importantly, >70% of the islands evolve due to continuous reconnection only, 
Category 1, further emphasizing the significance of magnetopause reconnection with the 
interplanetary magnetic field.  
Next, the evolution of magnetic islands is investigated. First, in accordance with Figure 7-
2, islands are categorized into four quadrants, Q1-4, as shown in Figure 7-6b. The upper right 
corner, of the plot (∆A> 0 & ∆ψ> 0) contains islands whose relative cross-sectional area increases 
with growth of relative magnetic flux content, as suggested by the linear fit shown in dashed black 
line, ∆A/A [s-1] = 2.16 (±σ%S) ∆ψ/ψ [s-1] – 0.03 (±σ%I), where ±σ%S = 6.4 ×10-2 s and ±σ%I = 1.9 ×10-3 
s-1 are the standard errors (σ% = σ / √', where σ and n respectively represent the standard deviation 
and bin population size (Akhavan-Tafti, Slavin, Eastwood, et al., 2019)) for the derived slope and 
intercept values, respectively. The linear fits were found using an orthogonal distance regression 
method using visible data points only. Here, the magnetic flux content and cross-sectional area are 
normalized to account for variations in island physical properties associated with island size 
(Akhavan-Tafti et al., 2018, 2019; Hoilijoki et al., 2019).  
In Figure 7-6c, the relative change in the magnetic islands’ magnetic flux is investigated 
as a function of normalized reconnection rate, ℛ. The normalized reconnection rate is determined 
at the dominant X-point, i.e., lowest magnetic flux function. We find that the majority of magnetic 
islands experience normalized reconnection rates between 0.05 and 0.15 and that the average 
reconnection rate is about 0.07. We also find that most coalescence events, shown in red circles, 
are located within this region. At lower reconnection rates, ℛ < 0.05, magnetic flux is reduced due 
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to reconnection, i.e., ‘erosion.’  In contrast, the islands’ normalized magnetic flux content, 
∆ψ/∆t 	> 0, is enhanced at higher reconnection rates, ℛ > 0.08. The linear fit, shown in black 
dashed line, further indicates that, as expected, the island’s magnetic flux content increases with 
increasing reconnection rate, ∆ψ/∆t [Wb/km-s] = 8.6 (±σ%S) ℛ + 0.5 (±σ%I), where σ%S = 3.4 ×10-1 
and σ%I = 3.9 ×10-2 Wb/km-s. 
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Figure 7-6: a) Example snapshot (simulation timeframe: t = 2119.0 s) of the Vlasiator magnetopause. The ‘X’-points and ‘O’-
points are automatically identified by the algorithm. The color bar indicates the electric field along the XGSM axis, Ex [mV/m]. b) 
Magnetic islands categorized into four quadrants, Q1-4, based on their temporal change in enclosed magnetic flux, ∆ψ, and cross-
sectional area, ∆A. The linear fit from the orthogonal distance regression, shown as dashed black line, is y = 2.16 x – 0.03. The 
color bars indicate the count of events per bin. c) The change in the enclosed magnetic flux as a function of normalized 
reconnection rate, ℛ = Ey x-point	vAi-1 	B-1. The linear fit from the orthogonal distance regression, shown as dashed black line, is y = 
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7.3.3 MMS Case Study 
7.3.3.1 Fields and Plasma Moments:  
On 14 December 2015 at 0058-0100 UT, the MMS spacecraft were located dawnward of 
the subsolar magnetopause, at [9.8, -4.3, -0.8] RE, GSE on an outbound trajectory. As shown in 
magenta, a sudden pressure enhancement is observed shortly before the magnetopause crossing 
interval. The IMF remains steadily southward throughout the interval. 
In-situ magnetic and plasma measurements are shown in Figure 7-7. From top to bottom, 
the panels include the following parameters (at the barycenter in the GSE coordinates): a) total 
magnetic field, b) magnetic field components, c) ion plasma density, d) ion velocity components, 
e) electron velocity components, f) parallel (red solid line) and perpendicular (black solid line) 
current density, g) parallel (red solid line) and perpendicular (black solid line) ion temperature, h) 
plasma beta, !, defined as the ratio of plasma thermal pressure to magnetic pressure. This 
magnetopause crossing is described in detail by Hwang et al. (2018). 
At least five localized peaks in the total magnetic field are observed, as shown in magenta 
bars. The peaks correspond to enhancements in By and a bipolar signature in the tangential 
component of the magnetic field (not shown here). These signatures, together with, plasma density 
dips (panel c), parallel current density enhancements (panel f), and localized plasma beta dips 
(panel h) suggest the presence of di-scale FTE-type flux ropes (Eastwood et al., 2016; Akhavan-
Tafti et al., 2018; Akhavan-Tafti, Slavin, Eastwood, et al., 2019).  Hwang et al. (2018) states that 
the observed FTEs have diameters ranging between, 2.5 < "	[di] < 6.8, where " and di (= 75 km) 
denote the FTE diameter and the local ion inertial length, respectively. 
Multiple localized dips in the total magnetic field were also observed dispersed adjacent to 
the above FTEs. Ion-scale FTEs are smaller in size than the local ion gyro-radius, rgi ~ 400 km. 
Therefore, the frozen-in condition in the generalized Ohm’s law (i.e., E + vi x B = 0) is naturally 
violated inside FTEs and the thin current layers within which FTEs are generated. Figure 7-7i-l 
juxtapose the boxcar averaged EDP electric field measurements and the cross product of the bulk 
FPI ion and electron velocities and the FGM magnetic field vectors at the location of MMS1 within 
a magnetic field dip at the leading edge of one of the observed FTEs, marked with a cyan bar. 
High-resolution electric field measurements are boxcar averaged to match the cadence of the FPI 
electron measurements, i.e., 30 ms. The FPI ion bulk velocity measurements are also interpolated 
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to the FPI electron measurements. The x component of the electric field is negative at the magnetic 
dip. Ions are found to become demagnetized within the magnetic dip, but not the electrons. Ions 
remain demagnetized inside the adjacent FTEs.  
The localized dips in magnetic field total coincide with ion flow enhancements and 
localized field-aligned current density peaks. The presence of ion jets and the observed 
demagnetized ions suggest that the MMS spacecraft traversed near multiple X-lines (Gosling et 
al., 1990, 2005; Hwang et al., 2018). Based on the above observations, Hwang et al. (2018) 
proposes a magnetic field topology involving multiple ion-scale FTEs sandwiched between two 
active X-lines. Figure 7-8 provides a schematic illustration of the field geometry. Here, the MMS 
spacecraft are shown to traverse across a reconnecting magnetopause current sheet within which 
multiple FTEs are spotted.  
 
7.3.3.2 Ion Velocity Distribution Functions: 
Figure 7-8 illustrates the approximate locations and geometry of the observed ion-scale 
FTEs and the X-lines. The orientation of the FTEs (and the orientation of X-lines) is along the 
intermediate eigen vector (M) derived from applying the minimum variance analysis (MVA) on 
the magnetopause crossing. The eigen vectors (in the GSM coordinates) include: n = [0.84, -0.36, 
-0.41], m = [-0.46, -0.87, -0.17], and l = [0.30, -0.33, 0.89]. We further investigate the MMS 
observations of ion VDFs in the vicinity of two independent X-lines. The VDFs are projected onto 
the parallel (i.e., field-aligned ion population) and perpendicular planes. 
In Figure 7-8 the ion VDFs at the X-lines are displayed in the ion bulk velocity frame of 
reference. To achieve this, the components of the bulk ion velocity, vi, are subtracted from velocity 
distribution components. The top and bottom rows in each panel show VDF cuts in the VB - 
VB×V	and VB×V - VB×(B×V) planes, where VB represents the velocity along the magnetic field 
orientation, and VB×V and VB×(B×V), respectively, along the (B	×	V) and B × (B	×	V) directions, 
where V is the ion bulk velocity. The VDF cuts are also organized on the basis of ion energy range. 
From left to right, the columns represent ions measurements of 1) all energy bins (1 eV – 30 keV), 




Figure 7-7: Magnetic field and plasma moments as observed at the barycenter of the four 
MMS spacecraft for a magnetopause crossing of December 14, 2015 — 00:57:40 - 01:00:10 
UT. The panels include: a) total magnetic field, b) magnetic field components in the Geocentric 
Solar Ecliptic (GSE) coordinates, c) ion plasma density, d) ion velocity components, e) electron 
velocity components, f) parallel (red solid line) and perpendicular (black solid line) current 
density components, g) parallel (red solid line) and perpendicular (black solid line) ion 
temperature components, h) plasma beta, β, defined as the ratio of plasma thermal pressure to 
magnetic pressure. The frozen-in condition of the ions and electrons at 00:59:13-19 UT are 
also represented as observed by MMS1 in the following panels: i) magnetic field total, and the 
components of the electric field measured directly using the EDP instrument (black solid line) 
and derived from the cross product of the bulk FPI electron (blue) and ion (red) velocities and 
the FGM magnetic field vectors (red solid line) along the j) XGSE, k) YGSE , and l) ZGSE. 
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Figure 7-8: Schematic of the approximate locations and orientations of the observed ion-scale 
FTEs, shown as out-of-plane cylinders wherein the magnetic field intensity enhances (darker 
shade) near the FTE core regions, and the adjacent reconnection X-lines, in the FTE’s frame 
of reference and in the LMN coordinates. The X-lines are marked by dashed lines. The 
magnetosheath and magnetospheric magnetic flux are distinguished and shown as red and blue-
shaded surfaces, respectively. The MMS spacecraft trajectory, shown as a black arrow 
traversing across the structures is estimated based on the MMS observations. The green and 
black arrows/panels represent ion velocity distributions in the vicinity of the two observed X-
lines at 00:58:26 and 00:59:15 UT, respectively. The energy bins are divided into four energy 
bins organized in two rows: top row) the VB - VB×V	slice, and bottom row) the VB×V - VB×(B×V) 
slice, where VB represents the velocity along the magnetic field orientation. VB×V and VB×(B×V) 
are along (B × V) and B × (B × V) directions, where V is the ion bulk velocity. The energy 
bins from left to right include: a) 1 eV-30 keV, b) 1 eV – 3 keV, c) 3-6 keV, and d) 6-30 keV. 
The bulk velocity is subtracted from the velocity distribution function slices. 
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In the vicinity of a first possible X-line encounter, marked by a green arrow, in the VB - 
VB×V	slice for low-energy ions (1 eV – 3 keV), there exists a non-isotropic population of ions 
moving anti-parallel to B. The low-energy ions are population appears gyrotropic in the VB×V and 
VB×(B×V) slice. However, there exists a non-gyrotropic mid-energy ion population, 3 < Ei [keV] < 
6, with a clear shift in negative VB direction in the VB - VB×V	plane, i.e., parallel crescent-shaped 
population (e.g., Hesse et al., 2014; Wang et al., 2016). The high-energy ion population, 6 < Ei 
[keV] < 30, appears sparse and scattered in the velocity space with peaks along VB. 
At a second possible X-line, marked by a black arrow, the low-energy ions population is 
found to be isotropic in the VB - VB×V	plane, but non-gyrotropic, in the VB×V - VB×(B×V) plane. The 
mid-energy ions, 3 < Ei [keV] < 6, show an isotropic distribution in the VB - VB×V	plane. However, 
in the VB×V - VB×(B×V) plane, the ions form an non-gyrotropic, perpendicular crescent-shaped 
distribution. The high-energy ion population, 6 < Ei [keV] < 30, remains sparse with peaks along 
V∥ and V⊥2. 
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7.4 Discussion 
The hybrid-Vlasov Vlasiator simulation results and MMS observations are juxtaposed at 
the magnetopause. We find that: 
1. Multiple X-point reconnection: The magnetic island depicted in Figure 7-3&4 is generated 
between two adjacent X-points. The formation mechanism for the two X-points is 
sequential in nature, similar to the sequential multiple X-line reconnection (SMXR) model 
proposed by Raeder (2006) under southward IMF conditions. The SMXR model suggests 
that an initial X-point reconnects field lines, analogous to the elbow-shaped FTEs, 
proposed by Russell & Elphic (1979). The initial X-point relocates which allows for the 
formation of a second X-point at the subsolar region. The old X-point does not reconnect 
all of the magnetic flux that reconnects at the new X-point, as shown in Figure 7-7.  
Spacecraft observations (e.g., Trattner et al., 2012) have provided evidence for the 
multiple X-line reconnection model by Lee & Fu (1985). For instance, Fear et al. (2008) 
used Cluster observations to show that the azimuthal extension of an observed FTE could 
not be explained by the elbow-shaped FTE model. THEMIS observations have similarly 
found bi-directional electron flows inside FTEs further suggesting the need for a second 
X-line to close the field lines (Hasegawa et al., 2010). Recently, MMS observations 
provided further evidence for multiple X-line reconnection at the magnetopause. In 
particular, Fuselier et al. (2018) showed the presence of adjacent X-lines at the 
magnetopause under southward IMF conditions, i.e., large IMF clock angles, similar to our 
simulations’ upstream conditions. 
Multiple localized total magnetic field extrema are observed in the in-situ magnetic 
field measurements. Further investigation of plasma measurements suggests that |B|-peaks 
are ion-scale FTEs dispersed within a thin reconnection current sheet, as indicated by the 
ion jet reversals and current density enhancements. The FTEs are likely generated via 
multiple X-line reconnection and the associated tearing-mode instability (e.g., Lee & Fu, 
1985; Akhavan-Tafti et al., 2018; Fuselier et al., 2018; Hwang et al., 2018). In the proposed 
topology, in agreement with the SMXR model and the Vlasiator simulation results, a 
second X-line is formed at the location of an earlier X-line. The older X-line is then located 
in the exhaust region of the second X-line. 
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The upstream solar wind conditions and the spacecraft location at the time of the 
encounter are somewhat different between in-situ observations and the Vlasiator 
simulations results. In particular, our simulated upstream solar wind conditions lack the 
observed IMF By (out-of-plane) component, which is an essential contributor to the 
formation of 3D flux ropes’ core field (e.g., Daughton et al., 2011), and IMF Bx. The latter 
was addressed by Hoilijoki et al. (2019) wherein the authors showed that, compared to a 
purely-southward IMF, the simulation run with an IMF Bx tilt, the reconnection x-points 
are slightly shifted in longitude, in agreement with Cluster observations (Wang et al., 
2006).  In the case of southward IMF, the simulated X-points are often initiated at the local 
magnetic noon while the MMS observed X-lines are situated in the prenoon sector. This 
can be the result of IMF By component, i.e., IMF clock angle. Fuselier et al. (2018) 
provided a list of possible MMS observed multiple reconnection events under southward 
IMF conditions that are located at the subsolar region, in agreement with our simulation 
results.  
In addition, the two-dimensional simulations generate magnetic islands whose 
central region are characterized by high density (Markidis et al., 2013) and low magnetic 
field magnitude, contrary to the observed profiles inside flux ropes (Akhavan-Tafti, Slavin, 
Eastwood, et al., 2019). In fact, magnetic islands collect much of the outflow plasma from 
adjacent reconnection X-points. In three dimensions, the outflowing plasma in an x-line’s 
exhaust region can flow along the out-of-plane component of the magnetic field at the outer 
layers of flux ropes (Ma et al., 1994; Zhang et al., 2010; Chen et al., 2017). Future Vlasiator 
simulations will further investigate the three-dimensional aspects of FTEs at the 
magnetopause.  
2. Butterfly pitch angle distributions: Similar to the Vlasiator VDFs, butterfly pitch angle 
distributions are observed in the magnetospheric-side of the MMS X-lines (not shown here) 
and are often attributed to a combination of betatron and Fermi processes (e.g., Ebihara et 
al., 2008). In this case, the depression of magnetic field lines near the X-point, along the 
separatrix, can cause betatron cooling of ions. Furthermore, the compression of field lines 
surrounding the convecting island can also accelerate ions perpendicular to the local 
magnetic field and/or create new mirror points within which ions are accelerated via Fermi 
acceleration, as discussed in Chapter 6.  
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The simulated strong parallel peaks may be the result of the 2D nature of the islands 
in which field-aligned bulk flow can only propagate in the simulation plane. In this case, 
the ions trapped inside an island with a closed-field geometry will continuously gain or 
lose energy, unlike 3D flux ropes wherein plasmas can escape the stressed region along the 
axis (e.g., cf. Figure 9a in Chapter 5). 
3. Larmor electric field: Malakit et al. (2013) proposed the formation of a Larmor electric 
field, defined as an in-plane electric field in collisionless asymmetric magnetic 
reconnection, associated with finite Larmor radius effects. Larmor electric field is 
independent of the Hall electric field (i.e., J × B / ni qi; where ni and qi represent the ion 
desnity and electric charge, respectively). The Larmor electric field is located in the inflow 
region of the dissipation region, which is the region where electromagnetic energy 
conversion occurs (Pritchett & Mozer, 2009), just upstream of the Hall electric field region.  
Larmor electric field is proposed to exist on the magnetospheric side of a 
collisionless asymmetric magnetic reconnection pointing toward Earth away from the X-
line, i.e., Ex<0.  The Vlasiator simulation results indicate the presence of an Earthward 
electric field extremum, Ex < -1 mV/m located upstream and on the magnetospheric side 
of the southern X-point (see Figure 7-3b, marked as #1). The theoretical magnitude of the 
Larmor electric field is estimated to be: Ex ~ kB Ti / qi ri = 2 mV/m (Malakit et al., 2013), 
where kB, Ti , qi, and ri respectively represent the Boltzmann constant and ion temperature, 
electric charge, and gyroradius. The derived theoretical Larmor electric field magnitude is 
comparable to the simulated Ex = -0.5 mV/m at extremum #1, offset by the Hall electric 
field term (see Supplemental Figure S1, panel a3). The Vlasiator estimated Larmor electric 
field can be directly compared with observations with no additional scaling factor. 
Further particle tracing is required to confirm the relationship between the 
simulated earthward-pointing and Larmor electric fields. Similarly, the electric field 
measurements within the magnetic dip in Figure 7-7j shows negative Ex (peaking at -4 
mV/m). We also find that the Larmor electric field is absent at the older of the two X-points 
located in the exhaust region of a second X-point. The magnitude of the Larmor electric 
field in the northern trajectory at the older X-point is exceeded by a stronger and 
oppositely-directed Hall electric field along the separatrix of the second X-point. 
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Our simulated electric field signatures are in agreement with the global 3D MHD 
with embedded PIC model simulation of the Earth’s dayside reconnection by Chen et al. 
(2017) where similar localized Earthward-pointing electric field is identified 
accompanying a strong sunward electric field. The strong positive Ex pointing toward the 
Sun along the magnetopause is the Hall electric field. Farther away from the reconnection 
X-point, on the magnetospheric inflow region, a localized negative field pointing toward 
the Earth is the Larmor electric field (Malakit et al., 2013; Chen et al., 2017), consistent 
with in-situ observations (Daniel B Graham et al., 2017). 
4. Parallel and perpendicular ion crescent-shaped distributions in the magnetospheric side of 
the X-point, where Ex approaches a local minimum. This finding agrees with particle-in-
cell (PIC) simulations of asymmetric reconnection (Hesse et al., 2014) and MMS 
observations. The Vlasiator ion VDFs agree with our MMS-observed ion distributions: 
a. Isotropic distribution of low-energy magnetospheric ions (1 eV – 3 keV) farther 
away from the X-line. Closer to the X-line, in both locations in Figure 7-8, the low-
energy ions form either an anisotropic distribution or a non-gyrotropic distribution. 
These signatures are also evident in the VDFs in Figure 7-3 and Figure 7-4 where 
the low-energy ions shift along VB. 
b. Non-gyrotropic and/or non-isotropic distribution of mid-energy ions at the X-point. 
Parallel and/or perpendicular distributions of mid-energy ions, 3 < Ei [keV] < 6, are 
observed by MMS in the vicinity of possible X-lines.  
5. The Vlasiator simulations further indicate the formation of perpendicular ion crescent-
shaped distributions in the upstream region of the northern X-point on the magnetospheric 
side where Ex reaches a local maximum. In other words, we identify a perpendicular ion-
crescent-shaped distribution which coincides with a sunward Ex maximum. This finding 
contradicts with the theory suggesting that crescent-shaped ion VDFs are associated with 
Earthward Larmor electric field (e.g., Malakit et al., 2013; Phan et al., 2016). The 
inconsistency may be due to the type of reconnection observed at the northern X-point, i.e., 
symmetric vs. asymmetric. It may also suggest that the crescent-shaped ion distributions 
are independent of the (E × B) drift and are likely the result of magnetic field gradient, i.e., 
tension, in the upstream region of the X-point. 
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Non-gyrotropic, crescent-shaped ions are observed at the |B|-dip indicating that the 
MMS spacecraft may have passed through an IDR. The lower-energy non-isotropic ion 
population is drifted less than the non-gyrotropic mid-energy population, suggesting that 
the two populations are distinct. In a (E × B)-drifted distribution in plasma, lower energy 
particles are more affected due to the relative velocity drift (e.g., Nagai et al., 2015). 
Therefore, our observations may indicate that the two distinct ion populations are likely 
formed independent of the (E × B) drift (e.g., Lapenta et al., 2017).  
Lastly, it is possible that the simulated non-gyrotropic ion distributions are 
numerical and a result the simulation grid specifications. However, as discussed by Pfau-
Kempf et al. (2018), ion kinetics are well-captured by global Vlasiator simulations despite 
the code not resolving the ion inertial length (~100 km at the magnetopause). 
Other noteworthy Vlasiator simulation results, though not confirmed in this study by MMS 
observations, include: 
1. Sunward Ex in the upstream region of the X-point on the magnetosheath side: In addition 
to Earthward pointing Ex on the magnetospheric inflow region, we find a Sunward Ex peak, 
Ex > +1.5 mV/m in the upstream of the older of the two X-points located in the exhaust 
region of a second X-point on the magnetosheath-side (see Figure 7-4 at extremum ‘5’). 
These fluctuations are different from the proposed Larmor electric field and Hall electric 
field (Earthward on the magnetosheath side). To our knowledge no theory predicts the 
existence of this type of electric field.  
2. Parallel and perpendicular ion crescent-shaped distributions in the magnetosheath side of 
the X-point, co-located with the simulated sunward Ex in the upstream region of the X-
point. While unprecedented, these simulation results are consistent with theory linking 
crescent-shaped distributions to particle drift due to the magnetic field gradients in the 
upstream region and not an (E × B) drift.  
It is possible that the sunward Ex and non-gyrotropic ion population are simulation 
artifacts. However, these signatures may be the result of: 
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a. Formation of a sunward electric field in the reconnection upstream region, likely 
supported by ion pressure divergence and contributing to energy conversion at/near 
the X-point (e.g., Genestreti, Varsani, et al., 2018). 
b. Ion energization obtained over a single ion interaction with the reconnection region. 
Ions can be substantially energized by reflection from a magnetic field 
discontinuity, in this case at a separatrix in the vicinity of which magnetic field 
amplitude is significantly reduced resulting in a sharp magnetic field gradient (e.g., 
Akhavan-Tafti, Slavin, Sun, et al., 2019).  
Similar non-gyrotropic ion populations have been observed in the magnetosheath 
and are attributed to a mixing process of meandering ions (e.g., Speiser et al., 1996; 
Hoshino et al., 1998; Hesse et al., 2011). Non-gyrotropic, reflected plasma populations 
have also been reported in association with dipolarization fronts (e.g., Zhou et al., 2010, 
2011; Birn et al., 2012) and quasi-perpendicular shocks (e.g., Gosling et al., 1982). Future 
investigation will further examine the source of the magnetosheath sunward Ex and the 
associated crescent-shaped ion distributions. MMS observations in the magnetosheath-side 
of X-lines will also be investigated to search for similar non-isotropic, non-gyrotropic ion 
distributions in the magnetosheath side of X-lines to support these simulation results.   
3. Reconnection rate at an X-point (‘Northern X-point’, located in the exhaust region of a 
second X-point (‘Southern X-point’), increases with time while the reconnection rate at the 
Southern X-point is reduced. This may be due to the reconnection exhaust geometry. The 
Northern X-point is sandwiched between two magnetic islands of different scales, while 
the Southern island is surrounded by one island and a semi-infinite current sheet. This 
finding may further underpin the significant role of flux ropes in reconnection dynamics 
by unblocking the exhaust region and providing a path along which the outflowing plasma 
can efficiently propagate. 
A total of 4786 subsolar islands (|(| < 30 degrees) are identified across time frames. The 
islands are divided into four main categories depending on their structure and evolution: 1) ‘2 X-
points’, 2) ‘>2 X-points’, 3) ‘Coalescence,’ and 4) ‘Division.’ It is concluded that: 
1. On average, continuous reconnection at adjacent dominant X-points supplies additional 
magnetic flux, ∆ψ> 0, to the outer layers of magnetic islands. The additional supply of 
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magnetic flux further causes an increase (∆A> 0) in the cross-sectional areas of the 
majority of these islands, as proposed by Akhavan-Tafti et al. (2019; cf. Figure 1). 
2. In 20% of the islands belonging to Category 2, magnetic flux content increases while the 
islands’ cross-sectional area is reduced. This suggests that the internal X-points may 
contribute to dividing the dominant island into at least two smaller islands, i.e., island 
division. Another possible scenario, as postulated by Akhavan-Tafti et al. (2019), may 
include the compression of the island due to the radially-inward force from the continuous 
supply of magnetic flux at adjacent X-points (∆A< 0 & ∆ψ> 0), before the island grows in 
dimensions. 
3. In the Coalescence category, 40% of the magnetic islands grow in dimensions while 40% 
are eroded, i.e., reduction in cross-sectional area. These suggest that, as discussed by Fermo 
et al. (2011), the coalesce process involves the merging of two neighboring islands wherein 
the smaller of two islands is consumed, i.e., eroded (∆A< 0), by the larger island (∆A> 0). 
4. The likelihood of identifying island division events is nearly twice that of island 
coalescence events suggesting that the division of magnetic islands is more common than 
coalescence (e.g., Øieroset et al., 2011, 2019). While identifying the two processes in 
spacecraft observations is challenging, one approach in distinguishing flux rope 
coalescence from division is to investigate the relative structure velocities. In the 
coalescence process, the two neighboring flux ropes approach each other (in the flux ropes’ 
frame of reference), whereas in the division process the structure velocity vectors point in 
opposite directions (moving away from one another). 
5. The proposed classification in Figure 7-2 oversimplifies the island dynamics by neglecting 
the fact that one or two of the processes could occur concurrently. For instance, in Category 
3, the two X-points on the outer edges of the two coalescing islands can and do continue 
to supply additional magnetic flux and plasma to the outer layers of the two islands. 
6. Continuous reconnection, Category 1, is the dominant contributor to island evolution (e.g., 
G. Paschmann et al., 1982; Akhavan-Tafti, Slavin, Eastwood, et al., 2019). However, this 
result may also be an artifact of our island selection criteria wherein islands are defined as 
‘O-points’ sandwiched between two ‘X-points.’ 
 151 





s) +≅ A -km2. (ψ [Wb])-1 (2.2 (8.6 ℛ + 0.5)	±	σ0)	× 103 (Eq. 1) 
where A, ψ, and ℛ denote respectively the FTE cross sectional area (in units of km2) and 
magnetic flux content and the normalized reconnection rate at an adjacent X-line, assuming  
steady and continuous reconnection X-line. The propagated standard error σ0 = 1.5 Wb/s. 
Equation 1 provides an upper threshold for the rate of change of the cross-sectional 
area of subsolar magnetopause FTEs. The 2D nature of the simulation grid requires all 
interplanetary magnetic flux to reconnect with the magnetosphere at the magnetopause. 
Therefore, the amount of reconnected flux in 2D simulations is over-estimated, resulting 
in larger normalized reconnection rate and faster FTE growth. 
The purely-southward and fast upstream IMF condition may impact the above statistics 
and average normalized reconnection rates. Hoilijoki et al. (2019) compared Vlasiator island 
evolution under southward IMF conditions with and without a Bx-component and found that 
magnetopause reconnection dynamics and island frequency and size change across the northern 
and southern hemispheres under different upstream IMF conditions. Therefore, future analyses 
shall investigate island statistics under various upstream IMF conditions to further compare with 
spacecraft observations (Wang et al., 2006). 
Finally, the Vlasiator simulations indicate that the change in magnetic island magnetic flux 
content, ∆ψ, due to continuous reconnection at adjacent X-lines is a function of normalized 
reconnection rate. In 2D, the magnetic flux content is described as the enclosed in-plane flux within 
an area and, therefore, it is, in practice, different from in-situ observations. However, the rate of 
change in magnetic flux, ∆ψ [Wb/s-km], is, to a first-order approximation, similar in 2D simulation 
results and spacecraft observations. The rate of change in magnetic flux is determined in the 
reconnection plane (per X-line length) along the X-line.  
The MMS multi-spacecraft fields and plasma measurements are used to estimate the 
temporal change in magnetic flux content of the observed di-scale FTEs, discussed in Section 7.3.2. 
Figure 7-9 shows the observed FGM magnetic field vectors, the bulk FPI ion and electron 
velocities and the EDP electric field vectors at the location of MMS1 in the vicinity of a possible 
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X-line encounter sandwiched between two of the observed FTEs, marked with a cyan bar in Figure 
7-7. The vectors are transformed into the LMN coordinate system where the lmn eigen vectors (in 
the GSM coordinates) are: n = [0.84, -0.36, -0.41], m = [-0.46, -0.87, -0.17], and l = [0.30, -0.33, 
0.89] (Hwang et al., 2018). High-resolution electric field measurements are boxcar-averaged to 
match the cadence of the FPI electron measurements, i.e., 30 ms. The X-line is found to convect 
at a normal velocity vstructure [km/s] = 130 * [-0.96, 0.29, 0.06] LMN. Therefore, the electric field 
vector in the X-line’s frame of reference can be estimated as EX-line = E + vX-line x B (panel f). 
The observed MMS estimated out-of-plane component of electric field, EM, averaged at 
the vicinity of the X-line within the purple-shaded interval is EM, obsv = 0.2 mV/m. This corresponds 
to an averaged normalized reconnection rate, ℛ = EM / VAi BMSH = 0.18, where VAi and BMSH are 
the average upstream Alfvén velocity (panel g) and magnetic field magnitude (panel a), 
respectively (e.g., Liu et al., 2017; Genestreti et al., 2018). Based on the Vlasiator simulation fit 
of ∆ψ/∆t [Wb/km-s] = 8.6 ℛ + 0.5, where ℛ represents the rate of reconnection, it is concluded 
that, to a first-order approximation, the observed di-scale FTE (ψ = 4.4 kWb) can gain magnetic 
flux at rate <+9.0 kWb/s-km due to continuous supply of magnetic flux at the adjacent X-line. At 




Figure 7-9: Fields and plasma moments in the vicinity of a candidate IDR crossing in LMN 
coordinates as observed by MMS 1: a) magnetic field magnitude, |B|, b) magnetic field 
components, c) ion velocity components, d) electron velocity components, e) electric field 
components in the spacecraft’s frame of reference, f) corrected electric field components in the 
X-line’s frame of reference, and g) Alfvèn velocity. The normalized reconnection rate is 
estimated from the fields and plasma signatures in the purple-shaded region. 
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The global Vlasiator simulations results are further utilized to determine the average rate 
at which FTEs grow at the magnetopause. From the MMS-observed normalized rate of 
reconnection rate, ℛ = 0.18, and ion-scale FTE sizes and magnetic flux contents, it is determined 
that the ion-scale FTE observed in the vicinity of an X-line may grow in size at rate: 
∆A
∆t) 	(λ =6.8 di, ℛ=0.18,	ψ=4.4 kWb)	≤	+2.1(±0.7)×10
5 *km2 s) +=+3.1	(±0.1)×10-1 2RE
2
min) 3. 
At this growth rate, the ion-scale FTE will grow Earth-sized, r = 1 RE (e.g., Eastwood et al., 2012), 
in 10-2
+5 minutes due to steady and continuous reconnection at the adjacent X-line while convecting 
away from the subsolar region along the magnetopause. This estimated growth duration is 
comparable to the transport time for an FTE forming at the subsolar magnetopause to reach the 
high-latitude magnetopause, i.e., ~ 10 minutes (e.g., Owen et al., 2001). The underlying 
assumption here is that only one actively-reconnecting X-line is contributing to the growth of the 
FTE. A second X-line will expedite this growth process, such that an ion-scale FTE will become 
Earth-sized in nearly half the time estimated for one continuous reconnection X-line. Similarly, 
ion-scale (e.g., Sun et al., 2019) and large-scale flux ropes with strong core fields (e.g., Slavin et 
al., 1995; Slavin, et al., 2003) are observed in the Earth’s magnetotail, which is the focus of a 
future comparative analysis.  
It is concluded that the difference between the average FTE size observed at the subsolar 
magnetopause by MMS (Akhavan-Tafti et al., 2018) and at high-latitude and flank regions by 
Cluster (e.g., Wang et al., 2005; Fermo et al., 2011) is most likely due to their orbits and different 
FTE sampling populations. As suggested by Akhavan-Tafti et al. (2018), FTEs grow while 
convecting away from the subsolar region where they are most likely formed. Therefore, MMS, 
due to its near-equatorial orbit, is expected to observe smaller-scale FTEs soon after formation, 
hence, smaller average FTE size compared to Cluster, due to its polar orbit. Further investigation 
of the Cluster magnetic field data is required to confirm this conclusion, since the study by Wang 
et al. (2005) did not account for small-scale FTEs (4s cadence magnetometer data). 
 155 
7.5 Conclusion 
The hybrid-Vlasov Vlasiator simulations of multiple X-point reconnection at the subsolar 
region are compared with MMS observations of two neighboring X-lines within which at least five 
ion-scale FTEs are identified. In both the simulations and the observations, one X-line is located 
in the exhaust region of a second X-line, consistent with the sequential multiple X-line 
reconnection model. The drift of an initial X-point allows for the formation of a second X-point at 
the subsolar region. The old X-point does not reconnect all of the magnetic flux that reconnects at 
the new X-point. The crescent-shaped ion distributions observed at the leading X-line indicate that 
the MMS spacecraft may have traversed the ion diffusion regions. These crescent-shaped ion 
distributions are in good agreement with the Vlasiator simulations. The Vlasiator crescent-shaped 
ion distributions are spotted at the location of the Larmor electric field, on the magnetospheric 
inflow region of the second X-point and behind the Hall electric field, in agreement with global 
MHD-EPIC simulations and MMS observations.  
We further investigate the evolution of the Vlasiator’s two-dimensional magnetic islands 
due to magnetic reconnection. Magnetic islands at the low-latitude magnetopause (polar angle, |(| 
< 30 degrees) are found to grow mainly due to continuous reconnection at adjacent X-points. It is 
also shown that magnetic islands further evolve due to coalescence, erosion, and division. The 
relationship between the normalized rate of reconnection at an adjacent X-point and the change in 
the islands’ enclosed magnetic flux are determined.  
The average rate at which magnetic flux is added to the outer layers of magnetic islands 
due to continuous reconnection at adjacent X-points is determined. Based on our statistical analysis 
of magnetic islands in the Vlasiator code, magnetic islands grow at +0.3 RE2/min. At this rate, a 
subsolar MMS-observed di-scale FTE is estimated to grow Earth-sized within ~10 minutes, by a 
single X-line, while convecting away from the reconnection site along the magnetopause. The 
estimated growth time is comparable to the average transport time for FTEs formed in the subsolar 
region to reach the high-latitude magnetopause and flanks. 
Finally, it is concluded that the discrepancy in the average FTE size at the magnetopause 
between the Cluster and MMS observations is most likely the result of their different orbits, 
wherein MMS mainly observes the newly-formed FTEs at the subsolar region near the magnetic 
equator while Cluster detects grown FTEs farther away from the subsolar region at higher-latitude 
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magnetopause and flanks. Further investigation of the Cluster magnetic field measurements are 


































Chapter 8: MMS Observations and Global Vlasiator Simulations of the FTE Coalescence 
Process 
 
This Chapter is adopted from Akhavan-Tafti, M., Palmroth, M., Slavin, J. A., Dubart, M., 
Johlander, A., Grandin, M., Ganse, U., MMS Observations and Global Vlasiator Simulations of 
the FTE Coalescence Process, to be submitted to the Geophysical Research Letters. 
 
8.1 Introduction 
Magnetic reconnection is a process through which magnetic field lines break and reform. 
Magnetic reconnection can convert energy from the magnetic fields into kinetic energy of plasmas 
in space, astrophysical, and laboratory environments (e.g., Yamada et al., 2010, 2014). Magnetic 
reconnection can develop in multiple X-lines (Lee & Fu, 1985, 1986) and generate multiple flux 
ropes. Tearing instability can further drive the current sheets between two neighboring X-lines 
unstable and result in the formation of ion-scale flux ropes (Biskamp, 1982; Daughton et al., 2011; 
Eastwood et al., 2016). Flux ropes, such as flux transfer events (FTEs) at the magnetopause 
(Russell & Elphic, 1979; Akhavan-Tafti et al., 2018), are highly dynamic (Akhavan-Tafti, Slavin, 
Eastwood, et al., 2019) and can evolve via continuous reconnection at the adjacent X-lines, 
coalescence, erosion, and division (Akhavan-Tafti et al., submitted), as observed in planetary 
magnetospheres (Fuselier et al., 2018; Hwang et al., 2018; Sun et al., 2019), the solar wind (Song 
et al., 2012), and in the solar corona (Su et al., 2013). 
In a typical dayside magnetopause reconnection, the magnetospheric field lines with strong 
magnetic field and low plasma density come in contact with the magnetosheath field lines whose 
magnetic fields are weaker and a plasma density that is nearly an order of magnitude greater (Burch 
et al., 2016). This asymmetry in fields and plasma parameters differentiates magnetopause 
reconnection from magnetotail reconnection where the lobe magnetic field lines are often of 
similar magnetic field magnitude and plasma density (Eastwood, Phan, et al., 2010; Torbert et al., 
2018). One contributing factor to the observed differences between the two environments is plasma 
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beta β (Swisdak et al., 2010), defined as the ratio of thermal pressure to magnetic pressure, as 
supported by the observations of DiBraccio et al. (2013) at Mercury (low-beta) and at Saturn (high-
beta) by Masters et al. (2012). 
Thin current sheets, whose thickness is a fraction of an ion inertial length, di, have been 
observed on the magnetospheric side (βMSP < βMSH) of asymmetric magnetopause reconnection 
and in the vicinity of the electron diffusion region (e.g., Burch et al., 2016; Ergun et al., 2017;  
Chen et al., 2017). The current sheet is believed to stabilize the ion pressure asymmetry across the 
reconnection region via generating a strong electric field component perpendicular to the current 
sheet plane (e.g., Cassak & Shay, 2007; Pritchett et al., 2012; Price et al., 2016; Ergun et al., 
2017). The strong E×B drift associated with the generated electric field forms an in-plane current, 
known as the ‘Hall’ term in the generalized Ohm’s law (EHall ∝ J×B). 
The FTE coalescence process involves the merging of two (or more) neighboring FTE-type 
flux ropes (Pritchett & Wu, 1979; Pritchett, 1992, 2007). While merging, a current sheet is formed 
between the merging FTEs (Wang et al., 2016a). The sheet layer can become susceptible to 
reconnection. In a reconnecting current sheet, the field lines of the two neighboring FTEs break 
and reorganize in order to create a larger FTE. MMS measurements have recently discovered thin 
reconnecting current sheets at the interface of interacting magnetic environments at the dayside 
magnetopause (Zhou et al., 2017; Kacem et al., 2018; Phan et al., 2018; Øieroset et al., 2019) and 
in the magnetotail (Man et al., 2018; Poh et al., 2019) with unprecedented details.  
The coalescence current sheet is generated and controlled by the shear angle between the 
outer magnetic layers of the two merging FTEs (Markidis et al., 2013). Two-dimensional, fully 
kinetic, particle-in-cell (PIC) simulations suggest that before (or, in some cases, during) the 
reconnection onset, magnetic flux may pile up within the current sheet (Karimabadi et al., 2011). 
The flux pileup is shown to be a function of island size. Magnetic islands are the 2D equivalents 
of three-dimensional flux ropes. Plasma beta reduces with increasing magnetic flux pile up 
between the merging FTEs. In low-beta environments, such as the solar corona, magnetotail 
(Øieroset et al., 2002; Dewey et al., 2017), or the interaction region between colliding coronal 
mass ejections (Gopalswamy et al., 2001), plasmas are accelerated by magnetic reconnection (e.g., 
Egedal et al., 2009). 
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The temporal evolution of merging flux ropes is shown in Figure 8-1. The net 
environmental forces cause the merging of neighboring flux ropes. Before coalescence at t = t1, a 
spacecraft (grey lines) traversing across the two approaching flux ropes, will observe two 
independent flux ropes, identified by bipolar magnetic field coinciding with peaks in the axial and 
total magnetic field (e.g., Slavin et al., 2003). The magnetic field signatures are presented in the 
flux ropes’ frame of reference, where the out-of-plane component, By, indicates the axial 
component of the magnetic field. Magnetic flux piles up between the two flux ropes approach one 
another (t2 > t1; Karimabadi et al., 2011). Next, a current sheet is formed between the oppositely-
directed field lines at the outer layers (shown in bold black arrows) of the two merging flux ropes, 
i.e., the Ampere’s law. Inside this current sheet, the flux ropes’ outer magnetic field lines 
reconnect, creating a larger flux rope within which coalescence proceeds, as indicated by two 
coalescing concentric ovals embedded inside a relaxing ellipse (t3 > t2). The resulting structure can 
be identified as a quadrupolar magnetic field signature, Bz, corresponding to the two adjacent flux 
ropes. The coalescence process may continue (t4 > t3) until the two flux ropes have created one 
larger flux rope. However, Karimabadi et al. (2011) proposed an upper threshold for the extent to 
which larger magnetic structures (scale size > 100 di) may coalesce. 
The reconnection separatrix, defined as a surface separating the plasma entering the 
reconnection region from the plasma already processed by the reconnection process (Lapenta et 
al., 2016), are identified with numerous key features, including the strong parallel current density, 
the density cavity (Shay et al., 2001; Wang et al., 2013), and the Hall signatures (e.g., Rogers et 
al., 2003; Eastwood et al., 2010). Electrons, as is also shown for this coalescence event in the 
cartoon schematic by Zhou et al. (2017; Figure 2g), mainly stream along the separatrix toward the 
X-line. Lapenta et al. (2015) showed that ions, on the other hand, cross the separatrix. 
The early accounts of reconnection electromagnetic patterns including the Hall field 
polarity and symmetry are summarized by Rogers et al. (2003). The patterns are believed to be 
generated by the reconnection electric field, the out-of-plane component EM, which causes the out-
of-plane acceleration of magnetized electrons and, with them, the magnetic field lines, BM. Since 
ions are demagnetized in this region, they do not partake in this process. Another characteristic 
Hall signature is the in-plane electric field component, EN. Ma & Feng (2008) proposed that EN is 
a result of the density imbalance caused by differential motions of electrons and ions in asymmetric 
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reconnection. Using Hall MHD simulations, they found that the EN and plasma density are greater 











Bx By Bz |B|
Figure 8-1: The cartoon schematic of the temporal evolution of the coalescence process.  Flux 
ropes are represented as concentric black contours. Time stamps tn denote progressing time. 
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 Swisdak et al. (2003) studied magnetic reconnection with a large density asymmetry across 
the reconnecting field regimes using 3D PIC simulations. It was concluded that the density 
gradient, in the presence of a shear angle, gives rise to the generation of a diamagnetic drift that 
can advect the reconnecting field region. Under extreme upstream conditions, where the relative 
diamagnetic electron and ion drifts exceed the local Alfven velocity, the diamagnetic drift can 
stabilize the reconnecting current sheet and, by doing so, suppress reconnection. 
In the present study, we examine the FTE coalescence event of November 17, 2015 (Zhou 
et al., 2017). We first investigate the relationship between the observed plasma density non-
uniformity, diamagnetic current, and Hall signatures (Eastwood et al., 2007) at the interface of the 
two coalescing FTEs. Next, we provide the first global view of island coalescence at the dayside 
magnetopause using the hybrid-vlasov Vlasiator simulation code (von Alfthan et al., 2014; 
Palmroth et al., 2018). The Vlasiator coalescence events are used to study the temporal evolution 
of diamagnetic currents between coalescing magnetic islands. It is concluded that the diamagnetic 
current loops generated from the observed plasma density between two asymmetric FTEs create 
the observed Hall signatures. 
 
8.2 MMS Observations 
During the outbound magnetopause crossing of 17 November, 2015, the MMS spacecraft 
were located at (X, Y, Z) = (9.7, -0.9, -0.3) RE in the geocentric solar magnetospheric (GSM) 
coordinates. The interplanetary magnetic field (IMF) was steadily southward (Bz ~ -2 nT) with a 
relative large dawn-dusk component (By ~ +4 nT). The spacecraft separation was nearly 20 km (~ 
2 di; assuming average ion density 40 cm-3). The magnetopause crossing was marked by an ion jet 
reversal (| "#$%#$% | > 	4), likely reconnection flows from two reconnection exhausts located 
northward and southward of the MMS spacecraft. Similar jet reversals associated with adjacent X-
lines have been reported at the magnetopause (Fuselier et al., 2018; Hwang et al., 2018), in 
correspondence with the multiple X-line reconnection model (Lee & Fu, 1986) and, likely, the 
sequential multiple X-line reconnection model (Raeder, 2006). 
As reported by Zhou et al. (2017), shortly after the magnetopause crossing, the MMS 
spacecraft encountered a system of two coalescing FTEs at 02:16:30 — 02:16:40 UT. The 
coalescence process includes a quadrupolar signature, similar to trajectory t=t3 in Figure 8-1, in 
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the tangential component of the magnetic field, BL. The LMN coordinate system is determined by 
applying the minimum variance analysis (MVA) on magnetic field components across the grey-
shaded region 02:16:06.2 – 09.6 UT encompassing the bimodal peaks in plasma density, panel b. 
The LMN eigen values and eigen vectors are included in Table 8-1. 
As shown in Figure 8-2a, the sharp bipolar BL (negative to positive) observed by MMS2 
at the center of the two FTE-type flux ropes is sandwiched between the two plasma density 
extrema. Magnetic field magnitude and the out-of-plane component, BM, are found to decrease 
when n increases and vice versa. The tangential component of normalized (relative to the Alfvèn 
velocity, vA) ion velocity in the current sheet frame of reference, viCS, L, is quadrupolar modulating 
in-phase with |B|. The parallel and perpendicular components (relative to B) of current density are 
shown in panel d to suddenly jump to extreme values at n = nmin. The modulations in plasma density 
(negligible ∇T) and |B| result in perturbations in thermal and magnetic pressures, therefore, 
creating a bimodal β signature within the grey-shaded region. Ion beta, βi<1 at n = nmin. 
In the present study, we focus on the perpendicular current layer (PCL) at the interface of 
the two coalescing FTEs between the two plasma density peaks at 02:16:06 – 10 UT. Figure 8-2 
provides a summary of the fields and plasma properties within the . In panel a, the out-of-plane 
magnetic field, BM, offset by the background guide field (BG = 60 nT, suggesting a large shear 
angle between the merging field lines, <180 degrees), is bipolar. The in-plane current density, JL, 
and electric field, EN, components are also bipolar in this region, presented in panels b and c. 
Simulations and observations of reconnection have shown characteristic bipolar and quadrupolar 
signatures in the in-plane electric field and the out-of-plane magnetic field, respectively (Øieroset 
et al., 2001; Mozer et al., 2002; Borg et al., 2005; Eastwood et al., 2009). These signatures indicate 
the creation of a Hall region within which ions decouple from magnetic field in a greater scale than 
electrons. The Hall signatures in Figure 8-2 are quite distorted, which, as previous studies have 
suggested, can be a result of the observed large guide field, i.e., asymmetric Hall signatures in 





Table 8-1: The LMN coordinate system determined by applying the minimum variance analysis 
(MVA) on magnetic field components across the grey-shaded region. 
 L (max) M (int) N (min) 
Eigen values 217 16 3 
Eigen vectors [-0.96, 0.01, 0.29] [0.20, 0.75, 0.63] [-0.21, 0.66, 0.72] 
 
In addition, the plasma density and magnetic field asymmetries across the coalescence 
region are expected to alter the reconnection dynamics. In particular, plasma pressure (or plasma 
beta) asymmetry across the PCL can facilitate the diamagnetic drift of ions and electrons. Electrons 
and ions will experience different drifts resulting in a diamagnetic current, Jdia ~ (B × ∇P)	/	B2, 
where the inertial term (∝ du dt⁄ ) is assumed negligible. Panel d provides the components of ion 
diamagnetic current. The in-plane component of diamagnetic current, Jdia, L, calculated at the 
spacecraft barycenter, shows a bipolar signature similar to the observed Hall current, though 
slightly smaller in magnitude (at 150 ms cadence). Panel e provides the in-plane components of 
current density at the spacecraft barycenter derived from thermal pressure gradients (Jdia), averaged 
time-shifted FPI moments (<J>), and the curlometer technique (Jcurl; Harvey, 1998). The three 
independent techniques produce matching JL. The diamagnetic ion and electron currents are further 
provided in panel e and show that ions account for ~90% of the observed PCL. 
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Figure 8-2: MMS observations of a flux rope merger on 2015-11-17 as identified by Zhou et al. (2017). (a-f) MMS3 observations. 
The yellow time interval shows the times of panels (g-k). (g-k) Multi-spacecraft observations. The gray time interval shows the current 
sheet. (a) Magnetic field in geocentric solar ecliptic (GSE) coordinates. (b) Electric field. (c) Electron (black) and ion (red) number 
density. (d) Ion flow velocity. (e) Current measured with the curlometer technique. (f) Electron (black) and ion (red) plasma beta. (g) 
Four-spacecraft magnetic field in the intermediate variance direction subtracted with the guide field, BG = 62 nT. The traversal time 
of the electron and ion inertial lengths obtained from the timing analysis are indicated. (h) Currents in the maximum variance directions 
measured by FPI. (i) Electric field in the normal direction. (j) Total diamagnetic current in the LMN coordinate system. (k) Magnitude 
of electron (black) and ion (red) diamagnetic current and perpendicular current measured with the curlometer technique (green). All 
data have 30 ms cadence and in (g-i) are time-shifted to the center of the spacecraft tetrahedron. 
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8.3 Vlasiator Simulations 
The hybrid-Vlasov code Vlasiator (http://www.helsinki.fi/en/researchgroups/vlasiator) has 
been developed to investigate global magnetospheric dynamics at ion scales (Von Alfthan et al., 
2014; Palmroth et al., 2018). Vlasiator solves the Vlasov equation, evolving ions (protons) as 
distribution functions in three velocity-space dimensions, tracked on a cartesian grid. Electrons are 
treated as a cold massless charge-neutralizing fluid, and closure is provided by the generalized 
Ohm's law including the Hall term. The simulation used in this study is two-dimensional in real 
space (resolution=300 km) and three-dimensional in velocity space (resolution=30 km/s) 
(Palmroth et al., 2013; Palmroth et al., 2017; Hoilijoki et al., 2017; Jarvinen et al., 2018; Juusola 
et al., 2018; Juusola et al., 2018).  
For the sake of brevity, the details of the simulation run are not included here and the reader 
is referred to Chapter 7. It is important to note that 1) the simulation di~200 km at the 
magnetopause under our upstream conditions (fast solar wind of v [km/s] = -750 x!, a density of 
nsw=1 cm-3, a proton temperature of Tp = 0.5 MK, and a purely southward IMF of magnitude 5 
nT), and 2) despite not resolving di, kinetic effects at the Earth’s dayside are captured in the 
Vlasiator’s simulation grid (Pfau-Kempf et al., 2018). 
At simulation time t=1678.5 s, as shown in Figure 8-3, an anti-sunward-moving magnetic 
island catches up to a larger magnetic island that is slowly convecting northward. The smaller 
island has a smaller magnetic pressure and larger thermal pressure. At the interface of the two 
islands inside an out-of-plane current sheet J2, magnetic field lines break and reconnect, as shown 
by enhanced ion jets, vi1,2, in the outflow region. The reconnection results in the formation of a 
large, closed magnetic island within which the two islands are embedded, hence referred to as 
island coalescence. The reconnection between the two islands is described as asymmetric due both 
the magnetic and density imbalance across the reconnecting inflow regions. The coalescence 
process is further characterized by a strong,  diamagnetic current density. 
As time progresses, at t=1686.5 s and then t=1692.0 s, the magnetic field lines between the 
two merging islands are compressed, magnetic field pileup. Inside the field pileup region, the 
curvature of the reconnecting field lines is reduced resulting in flattened reconnection inflow 
regions. The outflow region, on the other hand, experiences increased curvature, as indicated by 
stretched field lines. At later time frames, the diamagnetic current is found to become longer in 
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extent, l, while the separation, w, between the two JDM peaks remains constant. In addition, the JDM 
magnitude remains stronger on the side of the current sheet with lower β. 
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Figure 8-3: The temporal evolution of the Vlasiator coalescence process. The rows include: a) simulation frames of diamagnetic 





 × ∇P, between two coalescing magnetic islands located in the northern hemisphere. The contours 
represent the XZ-plane magnetic field and the color bar shows the magnitude of JDM. The white line denotes a virtual spacecraft 
inbound trajectory through the coalescence region. The spacecraft trajectory is the average magnetopause distance and, therefore, used 
to derive the magnetopause normal boundary coordinates, xi. b) magnetic field components, c) plasma density, d) ion velocity 
components in the structures’ frame of reference, e) current density components, J ∝ ∇×B, f) diamagnetic current components, $%& , 
g) electric field components, magnetic and thermal pressures, h) plasma beta. 
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8.4 Summary and Conclusions 
MMS observations indicate that the thermal pressure difference between the two 
coalescing magnetic structures, Pth,FTE2 / Pth,FTE1 ~ 1.5 as shown in Figure 8-2a, causes diamagnetic 
currents in within the current sheet. Figure 8-4a represents a simple slab model comprising charged 
particles frozen into an infinitely-long, uniform static out-of-plane magnetic field, BG. In the 
collisionless regime in which scattering force is too small compared to the magnitude of the 
magnetic force, the charged particles gyrate around BG, as depicted by clockwise circular arrows 
showing ion gyration.  
In the presence of the observed non-uniform plasma at the coalescence region, there will 
be more charged particles with a finite Larmor radius traversing from the region of higher plasma 
density (low |B|) into the lower plasma density region (high |B|). This, in turn, results in a net 
counterclockwise (clockwise) drift of ions from the lower (higher) pressure region into the higher 
(lower) pressure region, viD	∝ ∇P⊥. The electrons’ net diamagnetic drift is opposite to that of ions, 
thus, causing diamagnetic currents. As illustrated in Figure 8-4a, the diamagnetic currents can be 
modeled as a series of infinitely-long rectangular solenoids (Hallock & Meier, 2018). The induced, 
out-of-plane magnetic field perturbations, BDM, from each of the solenoids are parallel to BG. The 
BDM and JDM perturbations are out-of-phase by 90 degrees. The resulting magnetic pressure 
perturbations, δPB, and δPth perturbations are anti-phase, resulting in the observed δβ perturbations. 
The anti-phase relationship between magnetic and thermal pressures resemble the mirror-mode 
instability (e.g., Southwood & Kivelson, 1993; Wang et al., 2010). 
Figure 8-4b provides a schematic illustration of an asymmetric reconnection with a 
significant guide field (BG ~ |B|), based on the MMS observations. While exiting the FTE with 
lower magnetic pressure, MMS spacecraft observe a peak (red shade) followed by a sharp drop 
(blue shade) in plasma density. The plasma density signatures correspond to the PIC simulations 
of guide field reconnection (cf. Figure 8.1n in Lapenta et al., 2016). The large gradient in plasma 
density results in strong, in-plane diamagnetic current loops whose magnitude can be estimated as, 
JDM, max ~ 1 &' 	(∆* ∆+' , ~ (1/60 nT) (1.5 nPa/60 km) = 0.45 -A/m2. This diamagnetic current loop 
creates the Hall current signatures, as indicated by Jdia, L ~ Jcurl, L in MMS observations. The 
diamagnetic loops can generate out-of-plane, bipolar Hall magnetic field signatures, with 
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magnitudes approaching BDM, max ~ µ0 (∆*/B) = 30 nT. The diamagnetic current loops can further 
generate an in-plane electric field, EDM, as described by the generalized Ohm’s law. 
Vlasiator simulations produce diamagnetic currents that are in agreement with in-situ 
observations. Both MMS observations and Vlasiator simulations indicate that JDM peaks at the side 
with lower β. They also show that the diamagnetic current forms in the reconnection plane, LN-
plane in MMS observations and x1,3-plane in Vlasiator simulations. The Vlasiator simulations 
further reveal that the area, l		× w, occupied by the diamagnetic current loops can extend far from 
the reconnection region, developing at speed ./.0 ~ (0.5-0.1 RE)/(13.5 s) = 3×10
-2 RE/s ~ 200 km/s. 
Previous studies have also shown that the expansion of the Hall region along the separatrix can 
develop at speeds exceeding the local Alfvèn velocity (Shay et al., 2011).  
Future research will investigate the roles of coalescing FTEs’ relative size, plasma beta, 
and convection speed in the generation and controlling the asymmetry of diamagnetic current 
signatures. Further investigation is also needed to analyze the relationship between the observed 
diamagnetic current signatures and plasma instabilities. Vlasiator simulations will also be re-















Figure 8-4: The cartoon schematics of the generation of and the role of diamagnetic current loops in asymmetric magnetic 
reconnection: a) the generation of diamagnetic current loops from plasma non-uniformity, and b) the location and orientation of MMS-
observed diamagnetic current loops with respect to the reconnection region. The shaded red and blue regions indicate the plasma 






Chapter 9: Conclusions and Future Direction 
 
9.1 Conclusions 
As discussed in Section 1.3, this dissertation aims to address five overarching science 
objectives. In this section, we review our in-situ MMS analyses and global hybrid-Vlasov Vlasiator 
simulations at the Earth’s magnetopause to advance our understanding of these science objectives. 
 
1) What is the size distribution of FTEs at the Earth’s subsolar magnetopause? How do FTEs 
evolve along the magnetopause? 
Determining the magnetic field structure, electric currents, and plasma distributions within 
FTE-type flux ropes is critical to the understanding of their origin, evolution, and dynamics. Here, 
the Magnetospheric Multiscale (MMS) high-resolution magnetic field and plasma measurements 
are used to identify FTEs in the vicinity of the subsolar magnetopause. The constant-α flux rope 
model is used to identify quasi-force free flux ropes and to infer the size, the core magnetic field 
strength, the magnetic flux content, and the spacecraft trajectories through these structures. Our 
statistical analysis determines a mean diameter of 1,700 ± 400 km (~30 ± 9 di) and an average 
magnetic flux content of 100 ± 30 kWb for the quasi-force free FTEs at the Earth's subsolar 
magnetopause which are smaller than values reported by Cluster at high latitudes. These observed 
nonlinear size and magnetic flux content distributions of FTEs appear consistent with the plasmoid 
instability theory, which relies on the merging of neighboring, small-scale FTEs to generate larger 
structures. The ratio of the perpendicular to parallel components of current density, RJ, indicates 
that our FTEs are magnetically force-free, defined as RJ < 1, in their core regions (<0.6 Rflux rope). 
Plasma density is shown to be larger in smaller, newly formed FTEs and dropping with increasing 
FTE size. It is also shown that parallel ion velocity dominates inside FTEs with largest plasma 
density. Field-aligned flow facilitates the evacuation of plasma inside newly formed FTEs, while 
their core magnetic field strengthens with increasing FTE size. 
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2) What are the radial profiles of plasma moments and net MHD forces inside subsolar FTEs? 
How do they impact plasma thermodynamics inside FTEs? 
Previous studies have indicated that FTEs grow as they convect away from the 
reconnection site along the magnetopause. This increase in FTE diameter may occur via adiabatic 
expansion in response to decreasing external pressure away from the subsolar region or due to a 
continuous supply of magnetic flux and plasma to the FTEs’ outer layers by magnetic 
reconnection. Here, we investigate an ensemble of 55 FTEs at the subsolar magnetopause using 
MMS multi-point measurements. The FTEs are initially modeled as quasi-force-free flux ropes in 
order to infer their geometry and the spacecraft trajectory relative to their central axis. The MMS 
observations reveal a radially-inward net force at the outer layers of FTEs which can accelerate 
plasmas and fields toward the FTE’s core region. Inside the FTEs, near the central axis, plasma 
density is found to decrease as the axial net force increases. It is interpreted that the axial net force 
accelerates plasmas along the axis in the region of compressing field lines. Statistical analysis of 
the MMS observations of the 55 FTEs indicates that plasma pressure, Pth, decreases with 
increasing FTE diameter, λ, as Pth, obsv ∝ λ-0.24. Assuming that all 55 FTEs started out with similar 
diameters, this rate of plasma pressure decrease with increasing FTE diameter is at least an order 
of magnitude slower than the theoretical rate for adiabatic expansion (i.e., Pth,	adiab. ∝ λ-3.3), 
suggesting the presence of efficient plasma heating mechanisms, such as magnetic reconnection, 
to facilitate FTE growth. 
 
3) Can FTE evolution cause the energization and/or heating of plasmas at the magnetopause? 
If so, what are the relative contributions of different energization mechanisms? 
Upon formation, FTEs in the subsolar magnetosheath have been observed to grow in diameter, 
%, while convecting along the magnetopause. Plasma pressure has also been found to decrease sub-
adiabatically with increasing %, indicating the presence of internal plasma acceleration and heating 
processes. Here, the MMS fields and plasma measurements are used to determine the relative roles 
of parallel electric fields, betatron, and Fermi processes in plasma heating inside an ensemble of 
55 subsolar FTEs. Plasma heating is shown asymmetric inside FTEs. Parallel electric fields 
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dominate (>75%) ion and electron heating at the leading edge of FTEs. At the trailing edge, 
betatron and Fermi processes overtake (>50%), resulting in ion cooling and electron heating, 
respectively. The observed strong net-heatings inside FTEs are proportional to λ-1/2. It is concluded 
that reconnection-driven heating continues inside FTEs far from the subsolar electron and ion 
diffusion regions. 
 
4) What are the processes through which FTEs evolve? What can global simulations tell us 
about the average rate at which subsolar FTEs grow at the magnetopause?   
The Vlasiator hybrid-Vlasov code was developed to investigate global magnetospheric 
dynamics at ion-inertial scales. Here, we focus on the role of magnetic reconnection in the 
formation and evolution of the magnetic islands at the low-latitude magnetopause, under 
southward interplanetary magnetic field (IMF) conditions. The simulation results indicate that: 1) 
the ion kinetics inside the reconnection ion diffusion region, including the Earthward-pointing 
Larmor electric field on the magnetospheric-side of an X-point and the corresponding three-
dimensional crescent-shaped ion distributions, are well-captured by the Vlasiator code, 2) 
magnetic islands evolve due to continuous reconnection at the adjacent X-points, ‘coalescence’ 
which refers to the merging of neighboring islands to create a larger island, ‘erosion’ during which 
an island loses magnetic flux due to reconnection, and ‘division’ which involves the splitting of 
an island into smaller islands, and 3) continuous reconnection at the adjacent X-points is the 
dominant source of magnetic flux and plasma to the outer layers of magnetic islands resulting in 
cross-sectional growth rates up to +0.2 RE2/min. The simulation results are validated by 
comparison to MMS measurements of a chain of ion-scale FTEs sandwiched between two 
dominant X-lines observed on 14 December, 2015. The MMS measurements reveal: 1) crescent-
shaped ion populations, and 2) normalized reconnection rates up to 0.18, in agreement with theory 
and the Vlasiator predictions. Based on the simulation results and the MMS measurements, it is 
estimated that the observed ion-scale FTEs can grow Earth-sized within ~10 minutes, which is 
comparable to the average transport time for FTEs formed in the subsolar region to the high-
latitude magnetopause. 
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5) What are the characteristic signatures of FTE coalescence? What is the temporal evolution 
of coalescing FTEs based on global simulations? 
FTEs at the dayside magnetopause is believed to grow via FTE coalescence. During the 
coalescence process, two neighboring FTEs merge and reconnect to create one larger FTE. Here, 
we focus on the perpendicular current layer (PCL) forming between the two merging FTEs. MMS 
observations show Hall signatures within the sub-ion-scale PCL. The Hall current is found to be 
largely supported by the ion diamagnetic current generated from a density asymmetry across PCL. 
We provide the first global simulations of coalescing magnetic islands at the magnetopause which 
predict the formation of a magnetic field pileup region between the two merging islands. Inside 
the pile-up region, plasma gradients facilitate diamagnetic drift of ions which, in turn, creates the 
observed Hall current. Global hybrid-Vlasov Vlasiator simulations further suggest that the 
magnitude and asymmetry of diamagnetic and Hall current enhance at later stages of the 
coalescence process with increasing pressure gradient across PCL. 
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9.2 Future Direction 
This dissertation focused on FTE-type flux ropes as important byproducts of magnetopause 
magnetic reconnection. The average physical properties and the thermodynamics of fields and 
plasmas were investigated inside FTEs. FTE-type flux ropes were further found to contribute 
significantly to plasma heating at the magnetopause, far from the primary reconnection exhausts.  
Our findings using in-situ MMS measurements and global Vlasiator simulations advanced 
our understanding of FTE-type flux rope generation mechanisms and evolution processes. Future 
efforts to extend the conclusions of this dissertation’s findings shall explore three key science 
questions: 
Science Question 1) Are plasmas inside and at the outer layers of FTEs conducive to 
instabilities? If so, what do plasma instabilities tell us about the FTE evolution at the 
magnetopause? 
As shown in Chapter 5, it was revealed that electron and ion temperatures are, on average, 
anisotropic inside FTEs at the subsolar magnetopause. Departures from the Maxwellian particle 
distribution functions can serve as a free source of energy (Hellinger et al., 2006). The free energy 
can give rise to various plasma instabilities. In collisionless plasmas, thermalization due to 
Coulomb relaxation is insufficient. However, pressure-anisotropy instabilities can act to pitch-
angle scatter the plasma back towards isotropy (Eviatar & Schulz, 1970). In the solar wind, the 
instabilities have been shown to constrain the shape of particle distribution functions, as a feedback 
mechanism (e.g., Gary et al., 1976, 2001; Kasper et al., 2002, 2003, 2006; Cranmer et al., 2009). 
Proton temperature anisotropy is divided into two sub-categories: T⊥p>T∥p and T∥p>T⊥p. 
The subscripts ⊥ and ∥ denote the perpendicular and parallel proton temperatures with respect to 
the ambient magnetic field. The former anisotropy is associated with the proton cyclotron and the 
mirror mode instabilities (e.g., Gary et al., 1994; Pokhotelov et al., 2004). The latter anisotropy is 
linked to the firehose instabilities (e.g., Quest & Shapiro, 1996; Farrugia et al., 1998; Gary et al., 
1998; Hellinger & Matsumoto, 2000; Matteini et al., 2005). Hellinger et al. (2006) showed that, 
in a weakly magnetized plasma consisting of protons and electrons, an instability threshold can be 










where a, b, and β0 are constants corresponding to the parallel firehose ([a, b, β0] = [-0.47, 0.53, 
0.59]) and mirror mode ([a, b, β0] = [077, 0.76, -0.016]) instabilities. The magnetic fields and 
plasmas inside subsolar FTEs will be examined to search for evidence for firehose and/or mirror-
mode instabilities.  
Pressure-anisotropy instabilities can drive electromagnetic fluctuations (e.g., Štverák et al., 
2008). The field fluctuations are proportional to the extent to which the instability threshold is 
crossed. In other words, field fluctuations can isotropize the plasma distribution function via wave-
particle scattering, hence, placing constraints on (electrons: Phillips et al., 1989; Gary et al., 1999 
and ions: Kasper et al., 2003; Marsch et al., 2006; Hellinger et al., 2006) temperature anisotropies. 
The magnetic field fluctuations (Bale et al., 2009) shall be investigated inside and at the outer 
layers of FTEs. 
Science Question 2) What is the role of the shear angle between the merging flux tubes in 
the formation and the strength of diamagnetic currents observed at the interface of coalescing 
FTEs? What is the role of plasma beta in the magnetic field pileup region between coalescing 
FTEs? 
Magnetic helicity, K, a measure of ‘twist’ in magnetic fields (Woltjer, 1958), is closely 
related to field line topology (Berger & Field, 1984). It is defined by: 
	K		= ,A ·	B dV 
where A is the vector potential of the magnetic field B and the integration is over a volume V. In 
a perfectly conducting plasma, the magnetic helicity is conserved within a flux tube. 
 As shown in Figure 9-1a, reconnection theories in two dimensions are based on three 
different field topology configurations (Vasyliunas, 1975; Biskamp, 1993; Ji, 1999). The main 
difference between the three field topologies is the out-of-plane magnetic field component, i.e., 
BM. Also known as the guide field, BM is responsible not only for the helicity content of the 
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merging flux tubes, but also the local shear angle at the reconnection site, as shown in Figure 9-
1b. Magnetic shear angle is defined as the angle between two merging flux tubes and is believed 
to be responsible for controlling the reconnection dynamics (e.g., Yamada et al., 1997; Lapenta et 
al., 2016). 
 In the absence of BM, reconnection is defined as ‘anti-parallel,’ as illustrated in 
configuration i. In the presence of a BM component, the field lines reconnect either at an angle 
when parallel BM components across the merging interface, as shown in configuration ii, or anti-
parallel when oppositely-directed BM, such as configuration iii. As shown, the reconnection is anti-
parallel in both null- and counter-helicity field topology configurations. 
The MMS-observed FTE coalescence of November 17, 2015 discussed in Chapter 8 is an 
example of co-helicity reconnection. Both FTEs are oriented with their axes in the same direction, 
i.e., same helicity. We reported, for the first time, that the plasma density gradient across the two 
merging FTEs resulted in the formation of a strong diamagnetic current that generated the observed 
Hall signatures. The MMS observations of diamagnetic currents between coalescing FTEs was 
further supported by Vlasiator simulations of magnetic islands at the magnetopause. However, the 
two-dimensional magnetic island coalescence event by Vlasiator depicts an anti-parallel, null-
helicity reconnection. To better understand the role of magnetic shear, BM, in the formation and 
strength of diamagnetic currents between coalescing FTEs, simulations with three spatial 




Figure 9-1: a) Two-, and b) three-dimensional schematic views of magnetic reconnection for three cases: 
(i) null-helicity, (ii) co-helicity, and (iii) counter-helicity. 
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 In addition, the FTE coalescence observations and simulations confirmed that the 
diamagnetic currents are strongest at the side with lower plasma beta, suggesting that reconnection 
is favored where plasma beta is reduced. Future investigation shall study the role of plasma beta 
in controlling the magnitude and asymmetry of diamagnetic currents between coalescing FTEs. In 
theory, enhanced diamagnetic effects can suppress reconnection (e.g., Swisdak et al., 2003). 
Further observations and simulations are needed to study the coalescence process in three 
dimensions and under various plasma and fields conditions. 
Science Question 3) Does FTE coalescence energize and/or heat plasmas? Are there 
plasma instabilities associated with the FTE coalescence process? 
As discussed in Chapter 6, plasmas are found to energize inside FTEs. The energization is 
dominated by parallel electric fields at the leading edge of FTEs which suggests that FTEs 
reconnect with their surrounding environment while convecting along the magnetopause.  
The magnetic reconnection-associated particle acceleration can be divided into two sub-
categories: X-type and O-type (e.g., Kliem et al., 2000; Hoshino et al., 2001; Hoshino, 2005, 2012; 
Karlicky & Bárta, 2007; Bárta et al., 2008; Oka et al., 2010; Oka et al., 2010; Tanaka et al., 2010). 
In the vicinity of the reconnection site, un-magnetized plasmas can be energized via the X-type 
acceleration (e.g., Scholer & Jamitzky, 1987; Kliem, 1994; Hoshino et al., 2001; Hoshino, 2005). 
Inside the geometrically-closed structures of magnetic islands, particles are energized via the O-
type acceleration mechanisms (e.g., Stern, 1979; Scholer & Jamitzky, 1987; Kliem, 1994; Drake, 
Swisdak, Che, et al., 2006; Guidoni et al., 2016). Magnetic islands are 2D structures bounded by 
two X-lines at each end and represent flux ropes in 3D. Particle energization inside coalescing 
magnetic islands involves both the X-type and the O-type acceleration mechanisms. 
Newman (1990) hypothesized that impulsive field events (IFEs) can energize ions. In the 
ion reference frame, an IFE is viewed as a narrow spatial structure on the order of the ion gyro-
radius, ri. They suggest that sudden impulsive changes within the ambient electric and magnetic 
field can disrupt ion gyro-motion. Impulsive external forces over timescales shorter than the local 
ion cyclotron period violate the adiabatic invariants of motion. Through this non-adiabatic (and 
non-resonant) process, some of the energy from E×B drift may transfer into the ion gyration 
motion. Hence, the resulting ion velocity-space distribution is broadened (i.e., non-adiabatic 
diffusion) due to the increased gyration speed (e.g., Moore et al., 1986; Artemyev et al., 2017). In 
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the context of laboratory plasmas, IFEs and the associated instabilities have also been extensively 
studied (e.g., Rechester & Rosenbluth, 1978; Rechester & Stix, 1979; Khalilzadeh et al., 2017). 
It was reported in Chapter 8 that the thickness of the perpendicular current sheet is of the 
order of one ion inertial length. We found that within this region ions and electrons decouple giving 
rise to diamagnetic currents. Future investigation will investigate the role of the FTE coalescence 
in decoupling and energizing plasmas. In addition, preferential energization of plasmas along 
and/or perpendicular to the field lines can further drive plasmas unstable. In particular, future 
investigations shall examine mirror-mode unstable ions and the generation of whistler waves from 
electron temperature anisotropies at the outer layers of coalescing FTEs (e.g., Shimou Wang et al., 
2019). 
In addition, our FTE analyses can be applied to flux ropes in other collisionless plasma 
regimes. Two main flux rope categories are flux ropes in planetary magnetotails as well as coronal 
mass ejections (CMEs) and corotating interaction regions (CIRs) in the interplanetary medium. In 
particular, two main science questions shall need to be addressed: 
1) What is the size distribution of flux ropes in the magnetotail? How do Earthward-
moving and tailward-moving flux ropes evolve upon generation?  
2) How does CME growth in the interplanetary medium compare with FTE growth at the 
magnetopause and plasmoid growth in the magnetotail? What can we learn about the 
coalescence process from CIRs’ magnetic field and plasma properties? 
In summary, this dissertation explored the role of magnetic reconnection in controlling the 
evolution and thermodynamics of magnetic fields and plasmas through the lens of FTE-type flux 
ropes. Our findings shed light on the extent to which reconnection contributes to the energization 
and heating of plasmas at the magnetopause. New science frontiers are revealed for further 







Appendix A: Force-Free Flux Rope Model 
 
The steps involved in determining the size and flux content of FTEs from the Lepping-Burlaga 
constant-α flux rope model: 
i) To enable comparison of FTE observation with modeled values, observation magnetic field 
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ii) The closest approach (CA) is defined as the point across the structure where BA-Obsrv 





is used to determine the impact parameter. The impact parameter is the fractional distance that the 
spacecraft has passed from the flux rope core at CA, where Y0 is the distance from the flux rope 
center and R0 is the radius of the flux rope, both of which are unknown at this point.  
iii) The velocity of the FTE is that of total ion velocity as measured by FPI outside the structure 
(V0 ~ Vi). The spacecraft are assumed stationary (i.e. V0 >> VS/C). The distance, X0, between the 
edge of the flux rope and the CA is '( = 	+(,(, where t0 is the time it takes the spacecraft to 
traverse from the edge of the flux rope to the CA: 
t0= 1 2#  Δtpeak-to-peak. 
Here, Δtpeak-to-peak is the duration of the flux rope. 
iv) Axial and tangential components of observed magnetic field data are incrementally stepped 
through in order to compute Xi. Increments are equivalent to the resolution of the magnetic field 
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measurements (i.e. 128 vectors/s). 
v) For increasing values of Xi (from 0 to X0), the fractional radial distance, r’, is calculated 
using the Pythagorean theorem normalized with the flux rope radius R0: 
R02 = X02+ Y02 
and, 
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assuming B0 and H are equal to unity, for simplicity. The actual value of B0 will be determined 
later. 
vi) Chi-square statistical test (i.e. goodness of fit) is applied to compare observed and modeled 
values of BA and BT: 





where N is the number of data points. 
vii) The flux rope radius, Ri, resulting in the minimization of 45 represents the best fit for the 
force-free flux rope model (i.e. Ri = R0 at min(45)). At this point, impact parameter is used to 
determine the absolute value of Y0. Similarly, the flux rope’s core field strength, B0, at CA is: 
B0 = BM -
BA-Obsrv
BA-Model# . 
Figure 2j represents the chi-squared profile of the ion-scale FTE. The curve has a minimum at R0 
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~ 430 km. 
viii) Determination of R0 and B0 enable estimating the flux transported across the dayside 









































Appendix B: Analytical Weight Determination 
 
An analytical weight determines that the ith observation comes from a sub-population with a 
particular mean and variance, σ2/wi, where σ2 is a common variance and wi is the weight of the ith 
observation. Analytical weights are commonly used in meta-analyses where each observation is 




;  , 
where wn is the analytical weight assigned to data points inside the nth FTE. Here, 〈X〉 ≡ 
1
P
 ∑ X:nPn=1 , 
where P = 55 and is the total number of FTEs used in this study. X:n indicates the average value of 
variable X across the cross section of the nth FTE, hence it is defined as: 
X:n ≡ 
1




















Appendix C: LMN to Cylindrical Coordinate Transformation 
 
In order to determine the radial component of a vector in a force-free flux rope, the vector 
is projected from the LMN coordinates into the cylindrical coordinates. Figure C-1 demonstrates 
that the vector, A, is first projected into the flux rope cross section plane (LN-plane). The vector 
can then be written in terms of the in-plane components, A (>?, @A) = AN >?  + AL @A; where unit vector 
>?  points along the spacecraft trajectory and @A = 	B? 	× 	>? . The transformation into the cylindrical 
coordinates requires the knowledge of angle C which is a function of 1) the distance of the 
spacecraft location along its trajectory (0 < X < d; where d indicates the distance between the two 
flux rope edges) from the flux rope’s central axis, and 2) the closest approach (dclosest approach = rflux 








where rflux rope is the flux rope radius as determined by the force-free flux rope model. The radial 
component of the vector can be written as: 
Ar	=	AN sin(θ). 
It is important to note that for statistical analyses, all flux ropes should be rotated into the same 
LMN coordinates. To achieve this, all flux ropes are rotated with respect to the >?  axis for their 
axes, B? , to point in the same (e.g., dawn-dusk) direction. Because we are only interested in the 
radial component of the vector the different flux rope helicities (e.g., right-hand helicity) will not 











































Figure C-1: Coordinate transformation between flux rope’s LMN and 







Appendix D: Adiabatic and Double-Adiabatic Approximations of FTE State 
 
The second law of thermodynamics states that the entropy inside an irreversibly expanding 




where pressure p  N T, where N and T are zeroth (density) and second (temperature) plasma 
moments, respectively. V denotes the flux rope volume, hence, proportional to the square of the 
FTE diameter (V	∝	λ2	H; where λ is the FTE diameter and H is the FTE length, assuming 
cylindrical symmetry) (e.g., Lingam & Comisso, 2018). The length, H, of the FTE is assumed to 
remain constant. It is important to note that recent observational evidence suggest that 
reconnection sites can expand, though primarily in local time along the boundary, which may result 
in a change in H (Zou et al., 2018). The subscripts indicate the stage of evolution (t1 and t2	≫		t1) 
and γ = 5/3 is the adiabatic specific heat ratio for monoatomic gases. Thereby, the equation above 
can be written as: 






where λ is the FTE diameter.  
The role of magnetic field in the above approximation can also be included by using the 
double-adiabatic approximation (e.g., Baumjohann & Treumann, 2012). This approximation takes 
into account the different variations in the parallel and perpendicular pressures in the presence of 
a sufficiently strong magnetic field. The perpendicular thermal pressure P⊥ is a linear function of 
plasma density n and magnetic field magnitude B as suggested by the conservation of magnetic 
moment, µ	= P⊥ nB⁄ , in systems wherein plasma gyration takes longer than temporal variations of 
the plasma. In the absence of any dissipative mechanisms and heat transfer, the parallel component 




It is further shown that the parallel γ
∥
 and the perpendicular γ
⊥
 adiabatic indices are defined in the 





 , and 
γ
∥
	=	3	-	2 ln(B2 / B1)
ln(n2 / n1)
 . 
Therefore, inside an adiabatically growing flux rope, wherein no heat transfer is assumed, the 
thermal pressure becomes increasingly anisotropic, i.e., P⊥	/	P∥	≠	1. Plasma pressure components 

















Given the MMS observations, Akhavan-Tafti et al. (2018) found that plasma density of subsolar 
FTEs is, to a first-order approximation, a linear function of the flux rope core magnetic field, n 

















which suggests that for small-scale FTEs to grow macro-scale via adiabatic expansion their 
internal pressure must become dominantly parallel. This is not physically possible since the 
strong anisotropy will trigger plasma instabilities, e.g., firehose instability, to return the plasma 
population to a lower energy state. Dissipative mechanisms and/or plasma energization 
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